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P R E F A C E
This paper was originaiiy produced as a basis of discussion
for the Workshop. The participants provided a number of
suggestions for its revision and the present document
refiects these changes. The authors wouid iike to
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 C O N C L U S I O N S A N D R E C O M M E N D A T I O N S
General
Organic and inorganic contaminants on the "Critical Pollutant“ list are
present in rain and snow, atmospheric aerosols and in the vapour state
in the Great Lakes basin. There are insufficient data to reliably
estimate the relative importance of the atmospheric deposition of many
of these contaminants to the lakes or to prepare mass balances.
Therefore, it is recommended that the atmospheric concentrations of
critical contaminants should be determined in order to construct mass
balance models.
Priorities
Resources for monitoring the concentrations of contaminants in the
atmosphere are scarce. It is recommended that the following criteria be
used to select contaminants for further study: relevant toxicity,
quantities emitted, likelihood of atmospheric pathways as important
routes of biological exposure and feasibility of measurement in
atmospheric samples.
Instrumentation
The methodology for collecting rain samples to estimate rates of wet
deposition are adequate although in need of standardization; snow
sampling is not so well developed. Existing field samplers to measure
dry deposition and vapour exchange at the air—water interface are
untested at present. It is recommended that further work should be
undertaken to develop more reliable instruments for sampling dry
deposition and measuring vapour exchange at the air—water interface and
that standardization of wet samplers be examined.
Research
Information about the rates of deposition of contaminants associated
with dry particulates is insufficient to construct reliable mass balance
models.
It is recommended that the following research should be undertaken:
determination of aerosol deposition velocities as a function of particle
size; determination of the distribution of chemicals between the aerosol
and vapour phases; determination of the concentrations of chemicals on
particles as a function of particle size; field and laboratory
experiments to determine important parameters to verify dry deposition
models.
Similarly, information on vapour exchange at the air—water interface is
inadequate to construct reliable models. Therefore, it is recommended
that the following research be undertaken: determination of the
distribution of a chemical between the particle (i.e. "bound") and
dissolved phases in the water and the factors which control this;













































































be used to detect and quantify these compounds.
Construction of Mass Balance Models
Models describing fate and distribution of critical contaminants in
aquatic environments have been developed and are being used to construct
mass balances and dynamic trend projections. Most of the models that
describe the fate and transport of critical contaminants in the
atmosphere are, however, not linked to the models of the aquatic
environment. In addition, quantitative information is needed on
non-atmospheric sources of critical contaminants. It is recommended
that researchers constructing mass balance models should link the
atmospheric and aquatic subsystems and all significant inputs to the
latter.
There are many non-atmospheric sources of chemicals to the Great Lakes
and these complicate the construction of mass balances. Research on the
concentrations of chemicals in small, remote lake systems has provided
information on cycling of chemicals involving atmospheric deposition
without the complications of non—atmospheric sources. It is recommended
that research on such systems be promoted to provide surrogate
information on process parameters and to provide data for validating
mass balance and other models.
Integrated Monitoring Network
Attempts to construct reliable mass balances of critical contaminants
into and within the Great Lakes have been hindered by incompatible
methodologies or the absence of essential research and monitoring
information. It is recommended that there should be an integrated,
binational network to monitor atmospheric deposition and that such a
network use standardized methodologies for collection and analyses of
samples. It is further recommended that meteorological conditions of
collection sites be recorded and that research on atmospheric deposition
processes should be closely linked with strategies for monitoring.
. In order to continue to provide needed baseline information during the
interim where the network is not yet established, it is recommended that
existing monitoring projects be continued and upgraded where practicable.
 §_Q_M_M_A_R_X
For more than two decades researchers have investigated the relative
importance of the atmosphere as a long range carrier of persistent toxic
substances. Large quantities of these compounds have been deposited from
the atmosphere into the Great Lakes. The International Joint Commission
sponsored a workshop at the Guild Inn, Scarborough, Ontario on October
29—31, 1986 to bring together experts on atmospheric processes to discuss
the significance of selected persistent toxic substances deposited in this
way in the Great Lakes. As an approach to this, the mass balance budgets
for chemicals derived from atmospheric sources were developed. This
required various kinds of information including: atmospheric concentrations
of pollutants in rain, snow, vapour and adsorbed to particulates, dissolved
in water, adsorbed to waterborne particles and sediments, rates of aquatic
and atmospheric processes including those affecting transfers between and
within these two important compartments. Also needed was information on
non—atmospheric loadings of pollutants to the lakes. This report was
prepared as background material and was revised in the light of discussion
at the workshop.
A general consensus of topics of concern to the attendees at the workshop
included:
i. Atmospheric Loadinqs of Pollutants
Estimation of atmospheric loadings of organic and inorganic toxic
compounds to the Great Lakes requires information on atmospheric and
precipitation concentrations, mass transfer coefficients and physical
speciation in the atmosphere and the water. In addition, the estimation
of the relative importance of atmospheric inputs requires a knowledge of
loadings from non—atmospheric sources. Of the l4 chemicals of interest
to this study and the workshop, sufficient information was available
only for PCBs, DDT, BaP, mirex and lead. For the remaining chemicals,
insufficient data were available on atmospheric and rain concentrations
to reliably estimate atmospheric inputs. Even for the five chemicals
noted, there remain large and ill-defined uncertainties in the mass
balance calculations for most lakes. The best data on atmospheric and
non-atmospheric inputs to the Great Lakes are available for PCBs
(Table l) and lead (Table 2), although less certain estimates have been
attempted for other substances.
TABLE 1. PCB inputs to the Great Lakes and the fractions
attributed to atmospheric pathways.
 
Total Inputs 1 Atmospheric
kg yr‘1 Direct Indirect
Lake Superior 606 90 0
Lake Michigan 685 58 0
Lake Huron 636 63 l5
Lake Erie 2520 7 6






















































































































































is for lead (Table 2).
Lead inputs to the Great Lakes and the fractions
TABLE 2.
' attributed to atmospheric pathways.
 
Total Inputs % Atmospheric
 





























































































and mirex (Lake Ontario only), 4.5%.
The upper Great Lakes (Superior, Michigan and Huron) receive a
significantly greater fraction of their total inputs from the atmosphere
than do the lower Great Lakes (Erie and Ontario). This is attributed to
the large surface areas and the relative lack of local sources in the
upper lakes but mainly to extensive contaminant loadings from sources
located on the connecting channels comprising the Detroit — St. Clair
and the Niagara River systems.
Atmosnheric Deposition Processes
Particles and gases may be removed from the atmosphere by precipitation
scavenging (rain, snow) by dry—particle deposition and by vapour
transfer across the air—water interface. Pollutants may also be emitted
into the atmosphere from the lake by volatilization of the chemical from
the water to the atmosphere. The relative importance of each of these
processes depends on the physico-chemical properties of the pollutant,
its distribution between the vapour and particulate phase of the
atmosphere, the proximity to sources and on micro— and macro—
meteorological factors. Evidence suggests that precipitation scavenging
of fine particles (<2 pm) and vapour dominates atmospheric inputs
distant from major point sources or source regions; dry deposition of
larger particles may be more important closer to sources. The ratio of
wet—to—dry deposition for pollutants concentrated in the fine particles
is normally about 1.5 - 4.0:l.0. Nhere sufficient data to make




lead, 3.5—5.0; t—DDT, 0.26—0.5; and BaP, 0.32—0.82.
Pb, the wet—to—dry ratios appear too low.
Except for PCBs and
This suggests that either the
estimates of wet deposition are too or more probably, that dry
deposition values are too high.
low,
Lake Loss Processes
Excluding export via connecting channels or the St. Lawrence River, the
processes by which chemical pollutants may be removed from a lake are:
adsorption and sedimentation; volatilization; biodegradation;
hydrolysis; and photochemical degradation. In the preparation of these
mass balances, it is assumed that the latter three processes are
negligible relative to the first two. In any event, appropriate data
are not available to consider them in the model. For nearly all the
organic pollutants, volatilization was equal to or greater than the loss
due to sedimentation. The percentage of pollutant loss due to
sedimentation, volatilization and outflow for PCBs in each of the Great
Lakes is shown in Table 3. These calculations, reported here and in the
literature, support the hypothesis that the Great Lakes are actively
degassing the organic contaminants deposited historically. This is a
mechanism contributing to both lake detoxification and the global
redistribution of “old” chemicals. Although the role of volatilization
in pollutant loss is obviously important, the magnitude and perhaps even
the direction of the transfers are uncertain and must await the
determination of more precise field measurements, accurate transfer
coefficients and relevant models.
TABLE 3. Estimated percentage of pollutant loss due to
sedimentation, volatilization and outflow for PCBs
in each of the Great Lakes
Percentage
Sedimentation Volatilization Outflow
Lake Superior ll 87 2
Lake Michigan 31 68 l
Lake Huron l9 75 6
Lake Erie 45 46 9
Lake Ontario 30 53 17
Uncertainties in the Mass Balance Calculations
The participants at the workshop agreed that the uncertainties in the
inputs and outputs of chemical pollutants in the Great Lakes should be
estimated. However, the quality of the data describing atmospheric
concentrations and the uncertainties in the mass transfer coefficients
preclude the determination of a quantitative error analysis at this
time. A list of possible uncertainties associated with individual
parameters was prepared and the participants developed a consensus on






TABLE 4. Uncertainties associated with individual parameters.
Aqueous solubility 2x
Vapour pressure 2 — 4x
Henry's Law constant 2 — 4x
Octanol—water coefficient 2x
Aqueous concentrations 2 - 4x
Net, lakewide sedimentation rates 2x
Recent sediment concentrations 3x
Rain and aerosol concentrations 2x
Dry particle deposition velocity 2 — 4x
Air—water mass transfer coefficient 2 — l0x
The message is clear: before reliable evaluations of the relative
importance of atmospheric deposition of toxic pollutants to the Great
Lakes can be achieved, theoretical, laboratory and field investigations
must be employed to reduce the uncertainty in each of these parameters.
The integrated Great Lakes monitoring effort with a strong research
component now being discussed by the relevant agencies in Canada and the
United States is a first step in that direction.
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 I N T R O D U C T I O N
Background
Atmospheric deposition of toxic pollutants to surface waters has long
been established as a “pathway” in the environmental cycling of some of
these chemicals. As far back as 1963, air particulate samples were observed
to contain measurable levels of DDT, albeit in urban environments (Tabor
1965). Early reports for British rainfall samples noted lindane and
dieldrin as well as DDT (Abbott et a1. 1965; Nheatley and Hardman, 1965;
Tarrant and Tatton, 1968). These and subsequent direct observations of
atmospheric contamination, together with reports of the same substances in
remote areas (Peterle 1969; Clausen et al. 1974; Bowes and Jonkel, 1975)
were indicative of a global dispersion of these substances and presumably of
their deposition.
Early direct evidence of the long—range transport of atmospheric
pollutants was also reported by Risebrough et al. 1968; Seba and Prospero,
1971; Harvey and Steinhauer, 1974; Bidleman and Olney, 1974, 1975. Their
studies were with atmospheric samples collected in the West Indies and the
open Atlantic; the former samples were derived from Africa and Europe, the
latter samples from the industrial north-eastern United States. Other long
distance transport, within the continental U.S., was reported by Cohen and
Pinkerton (1966) and by Antommaria et al. (1965).
These samples and those from other reports, can be divided into two
types —- rainfall and dryfall. In theory it has long been recognized that
“dryfall” (vapour phase exchange plus particulate deposition) is probably at
least as important from a loading perspective as "wetfall" (rain and snow
with associated particulates, Atkins and Eggleton, 1971). Despite this,
however, there are still inadequate methods for collecting samples of the
two components of dryfall and therefore reliable atmospheric data on the
separate components of dryfall do not exist for many of the organic
compounds on the IJC's Critical Pollutant list (NOB 1985). The situation is
somewhat better for wetfall and for the trace metals which are mainly found
in particulate form.
Information on pollutant concentrations in rain falling lll the Great
Lakes basin has been available since the mid-19705. The first observations
of organochlorine substances currently on the IJC's list of Critical
Pollutants were made by Breidenbach et al. (1960) in water samples of 1958.
The first atmosphere-related report for these organic compounds was in rain
samples (Sanderson and Frank, 1976) where PCBs were reported at 10-100
ng/L. Subsequent to that, Murphy and Rzeszutko (1977), Swain (1978) and
Strachan and Huneault (1979) reported similar levels of PCBs in rain and
snow in the region, with the latter report including a number of other
organochlorine compounds that now appear on the Critical Pollutant list.
Air has also been investigated and Singer et al. (1983) have observed levels
of 0.02—11 ng-PCBs/m3 in urban samples from the Canadian side of the
Great Lakes. There are, of course, other literature reports and other
atmospheric data from the area; they have largely been for PCBs and trace
metals in rain samples. Eisenreich et a1. (1980, 1981) provided an


































































































































































































































































































































































































available information was provided (Eisenreich et a1. ‘1980; Allen and
Halley, 1980) as appendices to the SAB report of that year. A number of
data needs were identified: the atmospheric concentrations of toxic
chemicals; the distribution between particulate and vapour phases; the
amount of dry deposition; the influence of the episodic nature of the
deposition of trace organics; the spatial and temporal differences in
deposition; and meteorological aspects affecting the deposition.
In 1983, the SAB created a Task Force to report on research needs
related to indicators of atmospheric deposition of toxic contaminants. This
group discussed "conservative" indicators (inorganic isotopic differences)
and recommended that these would not be suitable for either source
identification or loading purposes. They also proposed a workshop to
discuss the state-of—the-art of and the research needs for a better
understanding of the role of the atmosphere in the cycling of toxic
chemicals in the Great Lakes.
In 1984, the Great Lakes Administrators (Governors of the Great Lakes
States and the Premier of the Province of Ontario) recommended an extensive
program to monitor atmospheric deposition of toxic chemicals with emphasis
on the persistent organic chemicals. In response to these recommendations
and to related concerns, both Mr. T. McMillan (Canadian Minister of the
Environment) and Mr. L. Thomas (Administrator of the U.S. Environmental
Protection Agency) agreed to cooperate on implementing the monitoring
recommendations.
The IJC's Water Quality Board, in its 1985 report, recommended that
efforts be undertaken to determine the significance of the atmospheric
inputs of toxic chemicals to the Great Lakes and to model their transport,
deposition and fate. The Board identified a list of eleven Critical
Pollutants for which data were to be gathered and budgets prepared in order
to assess the effectiveness of present controls and the need for additional
ones.
14 14
The foregoing concerns on the part of the two boards under the Great
Lakes Water Quality Agreement, together with an interest expressed by its
International Air Quality Advisory Board, prompted the IJC to sponsor the
workshop which was held in Toronto on October 29-31, l986. This paper was
prepared at the request of the workshop planning committee as a background
document for that meeting.
Ecosystem Considerations
The present approach to environmental evaluations, as stated by the IJC
and others, is one involving ecosystem considerations. For the exposure
part of the assessment of a chemical in an aquatic—atmospheric system, this
should mean that a variety of intra— and inter— compartmental processes are
considered in addition to the concentrations of the compound of concern in
each compartment. It is necessary to bear in mind not only processes
directly involved in the water—air transfers of the chemical, but also those
that occur within the water and air compartments which affect concentrations
in those compartments. It is also important to be aware of the terrestrial
compartment which will also have an influence on chemical levels in the
aquatic and atmospheric compartments. Some of the air—water relationships
important in determining the mass distribution of a chemical are presented
in Figure l. Biota are omitted from the figure because the quantity of a
chemical in organisms is considered to be small compared to that within the
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 chemical. In a steady—state or equilibrium model, however, this is ignored
and less importance is attached to where the sources are or what the
receiving medium is. Rather, it is the chemical's properties and those of
the system which contain it which are considered to determine the
distribution. This limits our ability to project concentrations over time
but it does provide a means of simple accounting of the whereabouts of a
chemical in the system for a point in time. For the discussions in this
paper, the data are chosen to be representative of the period l980—85,
wherever possible.
Atmosoheric Residence Times
A general consideration of the Critical Pollutant chemicals is their
potential for long-range transport within the atmosphere.
The pollutants
may have point and non-point sources within the Great Lakes but
the major
sources for a number of them would appear to be wider spread than these.
Mixing times between the tropospheres of the two hemispheres have been
estimated to be 0.7—2 years; that within the hemispheres is much less —— 3
weeks for longitudinal and even less for latitudinal mixing (Dilling l982;
SCEP l970).
Against this
is put the residence times for particulate
matter.
Residence times in the lower troposphere are 6 days to 2 weeks for
particles >l pm but those smaller than this may be from one to three years
























































































































































































of other ways of environmental
degradation.




































































































































































































































































Alpha-HCH is included as a pesticide,
although
not
currently used as such.
It can be formed environmentally from lindane, its
l7
l7
 gamma—isomer, which is used as a pesticide —- extensively outside and to a
limited degree inside North America. Indeed, it is in the alpha—form that
"HCH" is primarily found atmospherically.
Henry's Law Constant
Values for Henry's Law Constant of the organic compounds considered are
presented in Table 5. They have been employed in the mass balance
accounting later in this paper -— in order to estimate the direction and
extent of the gas—phase exchange of the chemicals. Where possible, these
have been selected from the literature on liquid—phase estimations or have
been calculated from the ratio of vapour pressure (in atmospheres) and
solubilities (in moles/m3) with both values pertaining to the same
phase. Corresponding numbers for the metals are not included because,
generally, the environmental forms of these elements are such as to preclude
their determination. There are volatile organic forms known but the
assumption for the total metal was that these were not significant to the
distribution of that parameter. These forms are of importance to the
toxicity of the compounds but there are very few data to consider them in
any form other than total. For the metals, then, the volatilization has
been assigned as zero. A small amount of data on elemental mercury is
available and is included for reference only; it was not employed in the
mass balance accounting.
TABLE 5. Henry's Law Constant for the critical pollutants.
 
M.Pt. H
Compound CAS No. M. Nt. (°C) (atm.m-3/mol.)
Lead 7439—92—1 207 328
Mercury 7439—97—5 201 -39 ca.5x1o‘3
Cadmium 7440—43—9 112 320







































1 2 x 10"
Toxaphene 800l—35-2 414 55—90 1 7 x 10"
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main report; the data on which these are based appear as Addendum 1.
These
tabulations represent many studies



































Some values are presented which
are based on the
scientific judgement of the authors after considering levels in other lakes
and concentrations in other compartments.












recommended value indicates that there were
inadequate data to justify any
recommendation.
While these estimates
and the mass balance accounts based
on them, may be indicative of the significance of atmospheric
loadings,
it
is recommended that all
control action be based on actual monitoring results









sometimes been assigned by default to levels of the upstream lake or to










determined using an 8.4 mg/L suspended
solid concentration
for the Niagara
River and a 9.0 mg/L for the Detroit River; for the St. Marys River, such
conversion data were not available.






















post-1980 reports although earlier results have been used where more recent
ones were unavailable.
The different recommended levels, therefore, are for
periods which, collectively, represent a wider time span than a single year
and undoubtably















believed to be representative, at least to a factor of 2—4x however,
of
present conditions and are those used in the mass balance calculations.
The uncertainty in the recommended levels arises for several reasons.
There are differences in sampling and analytical methodology which have been
















laboratories are seldom performed for the organic pollutants and comparisons
are therefore difficult. These contribute to the uncertainty in the
selection of representative concentrations and any statements about the
relative significance









recommended levels may give
undue importance to determinations which are
less precise. Additionally, the values used to arrive at the recommended
l9
l9
 means are also not necessarily taken from samples collected on a whole lake
basis. Biases will therefore be present, reflecting the particular sampling
strategy of the persons or agencies which performed the studies. The
imprecision in the data should be borne in mind whenever budgets based on
such data are used and when decisions on the significance of transport
mechanisms are being made.
Present uncertainties and natural variabilities (seasonal and
geographical) in the concentrations are such that imprecision in one
compartment or input/output flow may cause other mechanisms to appear
insignificant. It is strongly recommended, however, that research and water
quality management should continue investigating these apparently
insignificant areas at least until the uncertainty in the estimations is
reduced to more definitive levels.
Trace Metals
The metals (Lead, Table 6; Mercury, Table 7; Cadmium, Table 8; Arsenic,
Table 9) are different in most respects from the remainder of the list which
are all organic chemicals. On the whole, there are more water data and less
current information on levels in other media for these elements.
Concentrations for the four elements (and for other metals) are reported as
total metal present. Little information is available to indicate which
forms they occur in environmentally despite the fact that they are known to
be present as a variety of inorganic and organic complexes. It is possible
to deal with the metals in a mass balance model if the object is to consider
only distribution of the total metal; it will not be useful for indicating
toxic effects, however, except as part of a "worst case" scenario where the
metal is assumed available in its most toxic form. It is apparent though,
that even such models will be limited without the data indicated by the gaps
in their tables.
TABLE 6. Total Lead in the Great Lakes.
  
c 0 N c E N T R A T I 0 N 5
WATER E EgEEEQDED i SEDIMENT E A I R E RAIN
LAKE/TRIBUTARY (ng/L) : (ng/L) : (pg/g) : (ng/ma) : (ng/L)


























Tributaries —————— ll -------- : ___ : ___ : ___


























Tributaries ------ lo ? —————— : ___ : ___ ; ___
HURON: Lake 150 E 50 E 70 E 50 ? i 7000
St. Marys River ----- lOO ? —————— : ___ : ___ : ___
Mackinaw Strait ----- 200 ? ------ : ___ : ___ ; ___








































Lake 75 : 25 : 100 : 20 : 3000
Tributaries ————— 50 ? —————— : ___ : ___ : ___
  
20 20
 TABLE 7. Mercury in the Great Lakes.
      









WATER : SOLIDS : SEDIMENT : A I E : RAIN :
LAKE/TRIBUTARY (ng/L) I (ng/L) I (pg/g) I (ng/m ) I (ng/L) ;
ONTARIO: Lake 20 I 5 I 0.8 E 2.0 7 I 30 ? I
Niagara River ————— 70 ———————— I ——— I ——— I --- é
Tributaries ————— 20 ? —————— : ——— : ——— : ——— ;
ERIE‘ Lake 30 I 10 E o 5 ? E 2.0 ? I 30 ? 1
Detroit River ————— 45 ? —————— I ——— I ——— I --— I
Tributaries ————— 20 ? —————— I -—— I ——- I ——— I
HURON‘ Lake 7 I 3 I O 3 I 2.0 ? I 30 I
St. Marys River ————— TO ? —————— I ——— I ——— I ——- I
Mackinaw Strait ————— 45 ? —————— I ——— I ——— I ——- L










Lake 37 ' 8 : O i : 2.0 3 : 3O ? “
















Lake 7 ' 3 : 0 i 7 : 2 O : 30 I
Tributaries ————— 20 ? —————— I ——— I ——- I -—— I
I
TABLE 8. Cadmium in the Great Lakes. I
c O N c E N T R A T I O N s I
: SUSPENDED : I I 9
WATER : SOLIDS : SEDIMENT : A I E : RAIN I








Lake 60 I 60 I 1.0 ? I 0.5 ? I 200 I
Niagara River ———— TOO ? ------ I -—— I -—— I ——— 1%
Tributaries ————— TO ? ------ I —-— I —-— I --- ‘I
ERIE‘ Lake 50 I 50 E 1.0 ? E 0.5 7 E 200
Detroit River ----- 40 ? ------ I --- I -—— I ——-
Tributaries ————— TO ? —————— I —-- I --- I ---
HURON: Lake 20 : 20 I 1.0 I 0.5 ? I 200
St. Marys River ————— 4O ? —————— I ——— I -—— I --—
Mackinaw Strait ————— 40 ? —————— I ——— I ——- I -——
Tributaries ————— 10 ? —————— I —-- I --— I ———
MICHIGAN: I I I I
Lake 20 ' 20 I 1.0 I 0.5 ? I 200
Tributaries --—- 100 ? —————— I --- I --- I ---
SUPERIOR: I I I I
Lake 20 ' 20 I 0.6 I O 5 I 200




Arsenic in the Great Lakes.
      
C O N C E N T R A T I 0 N S
























































































































































































SUPERIOR: ' I I I














TABLE 10. BenzoEaprrene in the Great Lakes.
C O N C E N T R A T I 0 N S
NATER E ggfiggoED E SEDIMENT E A I R 1 RAIN
LAKE/TRIBUTARY (ng/L) I (ng/L) I (pg/g) I (ng/ms) I (ng/L)










































































































































































 Industrial Organic Chemicals
BenzoEalpyrene data are scant for most parts of the Great Lakes
ecosystem. A few studies have been carried out for the sediments although
even these do not constitute a large number of samples. A study carried out
in l972 (Strosher and Hodgson, l973) in which “benzopyrenes” were
determined, along with other PAHs, indicated that this sub—class constituted
roughly 7% of the total PAHs found in Lakes Huron (two samples), Erie (5)
and Ontario (5). Comparisons with the levels shown in Table l0 are
difficult since BaP is only one of the benzopyrenes which had highly
variable levels in the l972 study; the concentrations do, however, appear to
be “order-of—magnitude” comparable.
Polychlorinated biphenyl (PCB) is the organic “compound” for which most
environmental data exist in the Great Lakes (Table ll). It has been
monitored in fish and other biota for over ten years and in sediments once
on a lakewide basis. Trend analysis with fish and gull eggs indicates that
concentrations in these media have decreased since the mid—l970s. An upturn
in this general downtrend was observed in the early l980s for biota of Lake
Ontario but this trend appears to have reversed itself again. These
compounds are found in all sample matrices throughout the system and
continue to be a prominent atmospheric contaminant.
Hexachlorobenzene (HCB) is a compound observed in Great Lakes samples
since early in the l970s. It has also been identified in the Niagara River
and the Detroit/St Clair systems. It is the most persistent of the
chlorobenzenes, a class of chemical that should receive more attention than
at present. Water and rain data exist, as shown in Table l2, but levels in
other media are largely unavailable. Mass balance budgeting of this
compound is therefore not possible at this time.
TABLE ll. Polychlorinated Biphenyls (PCBs) in the Great Lakes.
  
c 0 N c E N T R A T I 0 N s
wATER E ggfﬁggDED E SEDIMENT E A I R E RAIN
LAKE/TRIBUTARY (ng/L) : (ng/L) : (pg/g) : (ng/ma) : (ng/L)
ONTARIO‘ Lake 0.6 i 0.3 E 0.1 E 0.5 E 5.0
Niagara River ————— l0 ———————— : ——- : ——— : -——
Tributaries ————— lO ———————— : ——— : --- : ———
ERIE: Lake 0.7 ? : 0.3 ? E 0.06 E 0 5 E 5 0
Detroit River ————— l0 -------- I -—- ! --- I ---
Tributaries ————— 20 ———————— : —-— : ——— : ---
HURON‘ Lake 0.7 : 0 3 E 0 1 E 0.5 ? E 5 0
St. Marys River ————— 0.6 ———————— : ——— : —-— : ---
Mackinaw Strait ————— 2.0 ———————— I --— : --- I ——-
Tributaries ————— l.O -------- : ——— I --- I ---
MICHIGAN: : : : :
Lake 1.4 ' 0.6 : 0.2 : 0 5 : 5 0
Tributaries —-—— 10.0 ———————— : ——— : ——— : -——
SUPERIOR: : : : :
Lake 0.4 ' 0.2 : 0.03 : 0 5 : 5 0
Tributaries ————— 1.0 ———————— : ——— : --- : ———
   
23 23























































































































































































































































































































Mirex is the most persistent on the list of toxic chemicals to be dealt
with (Table 13). It has been reported most often in fish and sediment from
Lake Ontario, where two industrial sources (both discharged to the water)
have been identified. It is not found elsewhere in the Great Lakes and
there is little reason to suspect that it will be. It is unlikely,
therefore, that it is an atmospheric problem and the budgeting would appear
to largely depend on determining the rate at which it is covered by settling
(and uncovered by resuspension) of suspended matter in Lake Ontario and its
rate of export down the St. Lawrence River.
TABLE 13. Mirex in the Great Lakes.
 
c 0 N c E N T R A T I 0 N 5
WATER i EgEEEQDED E SEDIMENT E A I R E RAIN
LAKE/TRIBUTARY (ng/L) : (ng/L) : (pg/g) 1 (ng/ms) : (ng/L)
ONTARIO‘ Lake 0.03 7 i 0.03 7 E 0.05 3 0.005 7 E 0.05 7
Niagara River ————— 0.3 ———————— : -—— : —-- : ———
Tributaries ——— : ——— : _—- : ___ : ———
Pesticides
Dieldrin, lindane and DDT are among the earliest compounds on the
Critical Pollutant list which have also been observed in atmospheric
samples. Use of dieldrin (and aldrin which is readily converted to dieldrin
environmentally) has been limited for many years yet it continues to appear


















































solids of the lakes themselves.
TABLE 14. Dieldrin in the Great Lakes.
 
C 0 N c E N T R A T I 0 N s







































0.02 1 E 0.05 7 E 1 0
Detroit River ————— 0.3 7 —————— : ——— : ——— : ———
Tributaries










0.02 7 E 0.05 7 E 1 0
St. Marys River ————— 0.2 ?—————— I ——- I ——— I ——-
Mackinaw Strait ————— 0.3 ?—————— I ——— I —-— I ———
Tributaries













Lake 0.2 7 ' 0 1 7 : 0.04 : 0.05 7 : 1.0 7
Tributaries









Lake 0.1 ' 0.1 : 0.02 7 : 0.05 7 : 0.5
Tributaries





   
Lindane (gamma-HCH) is the principal ingredient in formulations of the
hexachlorocyclohexane (HCH, also called BHC) pesticide that is currently
used.
It is readily converted in the environment to other isomers —- to the
alpha- isomer (a—HCH) in the atmosphere and to the beta- isomer in fish
and mammals.













Critical Pollutant list and data for these two compounds are found in Tables
15 and T6, respectively.











concentration levels have not decreased and may even have risen somewhat.
There is a small amount of data available on levels in water and sediments,
but most of this is water data.
Mass balance modeling will therefore be
difficult and a critical
parameter for a dynamic model
will
be the
degradation rate in water and sediment.
DDT (and its associated degradation products DDE and DDD or TDE) are
found in most samples which have been examined.
The levels in Great Lakes





for the present are recommended
in
Table 17.
Water and air levels have had to be estimated for lakes other
than Ontario and Superior but the recommended values are believed to be
appropriate, based on the lack of differences between other compartments of
these waterbodies.
Data for suspended solids, an important component of the
aquatic compartment, are missing and this should be corrected if effective




























       
TABLE 15. Lindane (gamma—hexach10r0cyc1ohexane) in the Great Lakes.
C O N C E N T R A T I 0 N S
NATER E ggfﬁggDED E SEDIMENT E A I R E RAIN
LAKE/TRIBUTARY (ng/L) 1 (ng/L) 1 (pg/g) 1 (ng/ma) 1 (ng/L)
ONTARIO: 1 1 1 1
Lake 2.0 ‘ 0.2 1 0.005 1 0.2 ? 1 6 O
Niagara River ————— 2.0 —————— 1 ——— : ——— : __-
Tributaries ----- 0.1 —————— 1 ——— E —-— E __—
ERIE: 1 1 1 1
Lake 2.0 ? ' 0.2 ? 1 0.001 1 0 2 ? : 5 0
Detroit River ————— 1.0 ------ 1 ——— 1 ——— 1 ———
Tributaries ————— 0.1 ? —————— : ___ E ___ : --_
HURON: 1 1 1 1
Lake 0.6 1 0.1 1 0.0005 : 0 2 ? 1 4.0 ?
St. Marys River ----- 0.7 —————— 1 ——— : ——— : —-—
Mackinaw River ————— 0.7 ? —————— 1 -—— : -—— E ———
Tributaries ----- 0.1 ? —————— 1 ——— E ——— E -——
MICHIGAN: 1 1 1 1
Lake 0.6 ? ' 0.1 7 1 0.0005 : 0 2 ? : 5.0 ?
Tributaries ————— 0.1 7 ------ E ——— : ——— E __-
SUPERIOR: 1 1 1 1
Lake 0.6 ' 0.1 : 0.0001 : 0 2 : 4 0
Tributaries ————— 0.1 7 ------ E —-- E ——— E ___
TABLE 16. A1pha—hexach1orocyc1ohexane (a-HCH) in the Great Lakes.
C O N C E N T R A T I O N S
NATER E ggigggoED E SEDIMENT E A I R E RAIN
LAKE/TRIBUTARY (ng/L) 1 (ng/L) 1 (pg/g) 1 (ng/ms) 1 (ng/L)
ONTARIO‘ Lake 6.0 E 1.0 E 0.002 E 0.5 1 E 10.0
























ERIE‘ Lake 9.0 ?E 1.0 ? E 0.002 E 0 5 ? E 10.0
Detroit River ———- 10.0 ———————— E -—— E ___ E ___
Tributaries ----- 1.0 7 —————— E ___ E ___ E ___
HURON‘ Lake 9.0 E 1.0 E 0.001 E 0.5 1 E 10.0
St. Marys River ————— 2.0 ? —————— E ___ E ___ E _-_
Mackinaw Strait ——-- 10.0 ? —————— E ___ E ___ E ___
Tributaries ————— 1.0 ? —————— E -__ E ___ E _-_
MICHIGAN: E 3 i E












































        
TABLE T7. Totai DDT residues in the Great Lakes.
c 0 N c E N T R A T I 0 N s I
I SUSPENDED I I I
WATER : SOLIDS : SEDIMENT : A I E : RAIN
LAKE/TRIBUTARY (ng/L) I (ng/L) I (pg/g) I (ng/m ) I (ng/L)
ONTARIO: Lake 0.1 I 0.1 E 0.05 E 0.1 E 0.5
Niagara River ————— 0.4 ———————— I ——— I --— I ———
Tributaries ————— 0.05 ——————— I ~-- I ——— I ——— I
ERIE: Lake 0.1 7 I 0.1 7 E 0.03 E 0 1 7 E 0 5 2
Detroit River ————— 1.5 ———————— I ——— I —-— I ———
Tributaries ————— 0.05 ——————— I ——— I ——— I -——
HURON: Lake 0.1 7 E 0.1 7 E 0.04 E 0 1 7 E 0 3 7
St. Marys River ————— 0.2 ? —————— I ——— I ——- I —--
Mackinaw Strait ————— 0.2 ? ------ I --— I ——— I ———
Tributaries ----- 0.05 ? ————— I ——— I --- I ———
MICHIGAN: I I I I 3
Lake 0.] ? ' 0.1 ? I 0.05 I O T 7 I 0 3 ? .
Tributaries ----- 0.05 ? ————— I -—— I ——— I ——— i
SUPERIOR: I I I I I
Lake 0.] ' 0.1 I 0.008 I 0 1 I 0 3 I
Tributaries ----- 0.05 ? ----- I -—— I —-— I —-- a
1
TABLE 18. Toxaphene in the Great Lakes. I
C O N C E N T R A T I O N S
I SUSPENDED I I I
WATER : SOLIDS : SEDIMENT : A I E : RAIN
LAKE/TRIBUTARY (ng/L) I (ng/L) I (pg/g) I (ng/m ) I (ng/L)
ONTARIO‘ Lake 0.4 7E 0.2 7 I ——— E 0.1 7 E ———
Niagara River ————— 0.6 ? ------ I ——— I --- I ——-
Tributaries ——— I --- I -—— I --- I ———
ERIE‘ Lake 0.4 7E 0.2 7 E ——— E 0 1 7 E ——_
Detroit River ----- 0.6 ? —————— I ——— I ——— I ---
















' St. Marys River ----- 0.6 ? ------ I ——- I --- I ——— I
Mackinaw Strait ----- 0.6 ? ------ I ——— I -—- I ——— g
Tributaries --- I ~—- I -—— I --— I ——- I
MICHIGAN: I I I I I
Lake 0.4 ?I 0.2 ? I --— I O 3 I --- ;
Tributaries ——- I -—- I —-- I -—- I ——- :
SUPERIOR: : : : I I
Lake 0.4 ?I 0 2 ? I --- I 0 T I ——- I
Tributaries ——— I ——— I -—— I --- I --- I
   
27 27
   
   
   
  
 
   
Toxaphene is a major fish contaminant for which only a poor data base
exists in other media (Table 18). It has only recently been the object of
official surveillance activities and the complexities of its analysis have
prevented the rapid development of an extensive data base. The small number
of water samples give conflicting results as do the levels found in rain for
Lake Superior versus the other lakes. It should be noted, however, that
the restrictions placed on the use of this pesticide in 1982 largely
eliminated its further use. Present levels in these non—accumulating media
may reflect those decreased inputs. Data development in all media should be
undertaken to determine whether this is the case.
28
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deposition, dry particle deposition and vapour exchange at the air—water
interface (vapour absorption).
The latter process may also result in the
loss of volatile species to the atmosphere from the water (volatilization).
Atmospheric transport and deposition of individual chemical species depends
on the distribution of the chemical between the particle and vapour phase
and the relative removal efficiencies of each via wet and dry deposition.
These processes are discussed in the following section.
Vapour—Particle Distribution
Atmospheric organic chemicals exist in the vapour phase and sorbed to
the total suspended particles (TSP). The processes by which trace organic
contaminants are removed from the atmosphere (wetfall + dry particle +
vapour deposition) and the quantity ultimately deposited on the water/land
surface depend on the distribution between the vapour and particle phases.
Partitioning between the gas and aerosol phases depends on contaminant
vapour pressure, the size, surface area and organic carbon content of the
aerosol and on the air temperature. The less volatile the compound, the
higher the affinity for TSP. Theoretical considerations (Junge 1978) and
laboratory and field measurements (Eisenreich et a1. 1981; Bidleman and
Foreman, 1987; McVeety 1986) indicated that PCBs, DDT, low—molecular weight
(MN) hydrocarbons and low MN PAHs exist primarily in the gas phase in
"clean" or rural airsheds while high MW PAHs and dioxins occur primarily in
the particle phase. In “dirty” or urban/industrial airsheds, a greater
fraction of the total atmospheric burden for a particular chemical will
occur in the particle phase.
Years ago, Junge (1978) presented a simp1ified theoretical model for
organic vapour adsorption to aerosol. The fraction of particle-bound
compound (o), solute vapour pressure (PV) and the particle surface area
per unit volume (9) available for physical adsorption were related by the
equation:
¢ = ce/(Pv + co) (1)
where c = constant (= 0.13 for many organic species of interest). This
model shows that ¢ in clean air environments (over the Great Lakes) is
small if Pv > 10‘6 torr. In this situation, in airsheds having low
TSP (1 to 20 pg/m3), most PCB congeners, DDT and low MN PAHs should
exist primarily in the vapour phase. Organic compounds having Pv
(10‘8 torr should exist in the particle phase. In reality, most high MN
organochlorines and PAHs exhibit Pv values between these extremes and
their distribution and atmospheric half-lives depend largely on TSP and
composition. Over the range of 9 expected in air (TSP 20 to
40 pg/m3; surface area = 1 to 3 m2/g) and assuming a PV value of
10—6 torr, ¢, the fraction in the particle phase, might be 20 to 30%;
similar to experimental estimates (Bidleman and Foreman, 1987).
The distribution of the organic chemical between the particle and
vapour-phase has been complicated by the measurement techniques applied.
The most commonly applied collection system employs a high or low volume
sampler that passes air through a glass fibre filter (>951 collection
29 29








































































































































a1. (1984), Bidleman and Foreman (1987) and McVeety (1986) have shown in
field and laboratory investigations that PAHs and organochlorines are
distributed on aerosol particles in direct proportion to the PV according
to the equation (Yamasaki et al. 1984):
10g A[TSPJIF = m/T + b (2)
where A and F are the adsorbent-bound (i.e. vapour) and filter—bound (i e.
particle) concentrations, m and b are constants and T is temperature (°K).
Bidleman and Foreman (1987) show that the Yamasaki et a1. equation is
identical to that derived by Junge (1978) for physical adsorption of organic
vapours on aerosol. '
Thus, the distribution of organic compound between particle and vapour
phases at constant TSP is related directly to PV(L), the sub-cooled liquid
vapour pressure. At a given PV(L), a significantly greater fraction of
PAH is bound to particles than for OCs (Bidleman and Foreman, 1987). This
may be related to PAHs being planar molecules and able to physically bond to
a greater extent to surfaces whereas the OCs are mostly non-planar
molecules. Alternatively, there may be non-exchangeable PAHs on the inside
of atmospheric particles which are accessible by organic solvents in the
analytical work—up. Measurements in the field of particle—vapour
distributions in the atmosphere away from urban areas show that PCBs, low MN
PAHs and low MN dioxins and furans are operationally 80 to 100% in the
vapour phase, while high MN PAHs, dioxins and furans are <50% in the vapour
phase (Eisenreich et a1. 1981; Eitzer and Hites, 1987). Vapour phase
compounds can contribute a sizeable fraction of the atmospheric burden, but
both phases must be considered in transport and deposition processes where
the fluxes may not be reflected in the phase concentrations.
The composition and size distribution of aerosol particles sorbing
organic vapours is important in atmospheric deposition. Although relatively
little research has been done in this area, available data suggest that
hydrophobic or semi-volatile compounds of interest here are concentrated in
the sub—micrometer size fraction, as is organic carbon (Eisenreich et a1.
1981; Bidleman and Foreman, 1987; Andren and Strand, 1981). For some
compounds, however, a significant fraction of the contaminant mass is in
large particles which have relatively high deposition velocities.
In our calculations, the fraction of total atmospheric burden in each of
the particle and vapour phases for individual compounds is selected based on
theoretical, laboratory and field investigations. Listed below (in
Table 19) are selected values for the fraction of the total atmospheric
concentration for each chemical species of interest in the "vapour" phase;
(l-¢) in Junge's (1978) equation, A/(A+F) in Bidleman‘s formulation
(Foreman and Bidleman, 1987). The values assume: TSP z 20 to
40 pg/m3; the relationships established between A [TSP]/F and PV(L)
or PV(S), the solid vapour pressure, by Yamasaki et a1. (1984), Foreman
and Bidleman (1987) and McVeety (1986); and field—measured distributions.
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 TABLE l9.
Fraction of atmospheric pollutants in the vapour phase.
 
Chemical f vapour Chemical f vapour
Pb 0 BaP 0.2
Hg l.0 PCBs 0.8





Dieldrin 0.9 Toxaphene 0.8
Y—HCH 0.9 t-DDT 0.7
a—HCH 0.9
Net Deposition
The mechanisms of wetfall removal of the chemical from the atmosphere
are very different for particle—associated compounds than for gas phase
compounds. The relative importance of these two processes depends on the
distribution of the organic compound between vapour and aerosol, particle
size distribution and Henry's Law constant (H). Non—reactive organic gases
will be scavenged by rain according to H if equilibrium between the gas and
aqueous phases is achieved (Slinn et al. l978; Ligocki et al. l985a). The
overall resistance to vapour absorption by rain is a result of resistances
in the air phase, in the liquid phase and a surface resistance (Peters
l983). Assuming surface resistance to be negligible, air resistance depends
on the relative velocity between the raindrop and air-phase. The
liquid-phase resistance depends on molecular diffusion in the hydrometeor
and internal air circulation in the droplet. In the absence of chemical
reactions in the droplet, an atmospheric gas should attain equilibrium with
a falling raindrop in about l0 m of fall (Slinn et al. l978; Scott l98l;
Ligocki et al. l985a). The position of this equilibrium is defined by H and
is a function of temperature (H increases by about a factor of two for each
l0°C increase in temperature, Ligocki et al. 1985a). For PCBs, H increases
by a factor of = 4 for each l0°C rise in temperature (Burkhardt et al.
l985). Perhaps more importantly, H values decrease with falling
temperatures, suggesting temperature-dependent changes in removal efficiency
from summer to winter seasons.
The total extent of organic compound scavenging by falling rain may be
estimated (Ligocki et al. 1985b) as:
w = mg (w) + up (4») (3)
where NT a overall scavenging coefficient of gases and particles by
hydrometeors and o is the fraction of the total atmospheric concentration
occurring in the particle phase and w , Np in equation 3 are the gas and
particle scavenging coefficients, respectively:
w = Cdiss, rain (4)
9 --—*Ef-——j——---
v, air
Np = Cp, rain (5)
Cp, air
3l
   
 In the above equations (and throughout the rest of the report), the first
subscript of "C" refers to the phase and the second subscript refers to
the media.
The phases are: T = total
p = particulate
diss = dissolved (aqueous)
v = vapour












An atmospheric organic vapour attaining equilibrium with a falling
raindrop is scavenged from the atmosphere inversely proportional to H, i.e.:
w = RT (7)
g H
where R is the universal gas constant, T is temperature (°K) and H = Henry's
Law constant. The surface flux of vapour—phase organic compound removed by
rain becomes: .
Fg = ° P ° CV, air
where P is annual rainfall intensity and CV, air is the concentration of
organic vapour in the atmosphere, also given by (l-¢)CT’ air.
Field determined NT values are often substantially larger than those
estimated using Hg values based on H for many organic compounds having
PV 5 2 l0'5 torr. This suggests that particle scavenging by
precipitation is an important flux term. Slinn et al. (l978), Scott (l98l),
Eisenreich et al. (l98l), Bidleman and Foreman (l987), Peters (l983) and
others have estimated N values. Ligocki et al. (l985a) have recently
reported gas scavenging coefficients for a variety of nonpolar organic
compounds measured in the field in Portland, Oregon. Tables 20 and 2l,
taken from their paper, compare the field—determined N values to those
estimated (a) from consideration of H and ambient temperatures. They
obtained N values ranging from 3 to 105 (dimensionless) while field














































The values for N9 were underestimated by factors of 3 to 6 using
H data at 25°C and applying relationship (7): N9 (= a) = RT/H. By
correcting published H values for ambient temperatures of 5 to 9°C,
equilibrium between the atmospheric gas and dissolved constituent in rain
was demonstrated for several PAHs and other low MN compounds. Based on
these results, temperature—corrected N values (estimated from H) may be




Mean dissolved concentrations (ng L-12sd), mean gas phase
concentrations (ng m‘32sd), correlations between rain and air data




H E CORRELATION H5 (leas) a. (lit)
Coupound R A I N A I R ('2) C 25 C Ref'1
Tetrachloroethene 4.6 2 3.4 1200. 2 690. 0.97 3.6 2 1.1 1.0 2.
Trichloroethene 5.6 2 5.6 1500. 2 1300. 0.81 3.7 2 1.3 2.4 2.
Hesitylene 5.1 2 2.5 430. 2 220. 0.82 12. 2 3. 4.5 2.
Toluene 88. 2 75.(5)11’ 3800. 2 2400. 0.97 21. 2 5(5) 3.7 l.
Durene 2.9 2 1.3 120. 2 70. 0.73 26. 2 9 1.0 2.
1,2,4—Tri-ethy1benzene 30. 2 14. 1300. 2 800. 0.33 27. 2 9 4.2 1.
Ethylbenzene 34. 2 21. 1300. 2 700. 0.75 27. 2 11 3.7 1.
n + p—Xylene 110. 2 73 3400. 2 2000 0.68 33. 2 17 3.51 2.




























































































































































Nethylphenanthrenes. 30. 2 8. 13 2 3. 0.09 2500. 2 800.





































































































Dioctylphthalate. 2.6 2 0.8(6). 0.39 2 0.39(5) --—— 20,000. 220,000.(4)


























‘ - Average temperature during sampling.
#1 - Mabey et a1. 1982. § - Correlation not computed for fewer than four points.
2 - Hackay and Shiu. 1981. l = Average of the values for m—xylene and p-xylene.
3 - Sonnefleld et a1. 1983. l = Value for 1—ethylnaphtha1ene.
4 - Pearlman et a1. 1984. “ - Average of the values for benzoIblfluoranthene and
ﬁ‘ - Number of samples, if other than seven benzo[k]f1uoranthene.
PreCipitation scavenging coeffiCients of particles containing sorbed
organic or inorganic speCies (N ) can Similarly be used to calculate
surface fluxes (Ligocki et a1. 19 5b):
Fp = wp ' P ' Cp, air = “p ' P ' CT, air 9 (‘0)
where F is the wet particle flux and C ,
contaminant iri the atmospheric particulates.
(1975) and Slinn (1983) estimate N
trace metals as 2 103 to
order of 106.
type of meteorological
water and is hygroscopic;
probably carbonaceous particle that is not readily incorporated into cloud
Aerosol collected over Lake Michigan was about 7 to 50% organic
in size (Andren and Strand,
water.
carbon and was sub—micrometer









is the concentration of
Slinn et al.
values for below-cloud scavenging of
to 1.0 pm particles.




Depending on particle size, precipitation intensity and
event, N
higher values imply that the aerosol is readily incorporated into cloud
The
the lower values suggest a non—hygroscopic,
1981). Slinn
The relationship between concentrations in rain
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 and precipitation intensity also imply whether in-cloud or below—cloud
scavenging is operative. In a convective system, the concentration of
scavenged particles in rain reaching the surface is independent of duration
and amount of precipitation (Hicks et al. 1986). Below—cloud scavenging of
particles by rain reduces the number of particles below the cloud and
additional rain dilutes the concentration of previously deposited chemicals
in rain.
TABLE 21. Comparison of field gas scavenging coefficient (W ) values to
temperature—dependent values for polycyclic aromatic hydrocarbons
(Table 4, in Ligocki et al. 1985a).
SAMPLE DATE AND MEASUREMENTS
 
2/12-2/13 2/14—2/15 2/20-2/21 2/23-2/24 2/29-3/1 3/16-3/20 4/11—4/12 Average
°C 7’C 9°C
Compound 8°C 6 5°C 9°C 8°C Hg/n
Naphthalene Hg 160 340 240 290 140 270 290
a 190 220 240 200 170 170 190
light 0.86 1.6 1.0 1.5 0.81 1.6 1.5 1.3
Fluorene Hg 1, 200 2 , 200 1, 500 1, 300 930 1, 500 1, 500
a 1,200 1,400 1,500 1,300 1,100 1,100 1,200
high: 1.0 1.6 1.0 1.0 0.84 1.4 1.2 1.1
Phenanthrene Hg 2,900 3,400 3,900 4,100 2,100 4,000 3,300
a 3.600 4,300 4,700 3,900 3,300 3,300 3,600
Hg/a 0.81 1.6 0.84 1.1 0.62 1.2 0.91 0.90
Anthracene Hg 1,000 2,100 1,800 2 .100 1,400 2,700 2,000
a. 2,300 2,700 2,900 2,500 2,200 2,200 2,300
wg/a 0.43 0.78 0.60 0.84 0.63 1.2 0.85 0.76
Fluoranthrene Hg 5,100 6,000 6,900 7,000 3,500 9,900 5,400
a 6,000 7,100 7,600 6,500 5,600 5,600 6,000
high: 0.85 0.85 0.91. 1.1 0.63 1.8 0.90 1.0
Pyrene Hg 5,000 6,200 6,600 7,000 3,000 8,600 4,800
a 9,800 12,000 13,000 11,000 8,700 8,700 9,800
Hg/a 0.51 0.52 0.51 0.64 0.34 0.99 0.49 0.57
Benz[a]anthracene Hg 11,000 14,000 22,000 13,000 8,000 9,400 7,300
a 8,700 9,800 10,000 9,300 8,200 8,200 8,700
Hg/o 1.3 1.4 2.2 1.4 0.98 1.1 0.84 1.3
The most comprehensive study of particle—bound chemical scavenging by
precipitation was conducted by Ligocki et al. (1985b). Tables 22 and 23,
taken from their paper, list Np values of 102 to 105 for a series
of PAHs, alkanes and phthalates. In general, N values are consistent
with below-cloud and in-cloud scavenging for PAHs, in which the compounds
with higher scavenging ratios were associated more frequently with large
particles. Particle scavenging ratios for trace metals as reported by Gatz
(1975), Talbot and Andren (1983), Settle and Patterson (1982), Slinn (1983),
Arimoto and Duce (1987) and others are on the order of 104 to 105.
To adequately predict these Nps, detailed information on particle-size
distribution, atmospheric concentrations in particle—size ranges and
detailed meteorological parameters are needed.
The total wet surface flux (vapour + particle) of organic compounds in



























= {—81} (1—¢) + wp d] o P - CT, air (12)
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 TABLE 22.
Particle scavenging coefficients (N ) for neutral organic
compounds during the rain events in Portland, Oregon in 1984
(Table 3, from Ligocki et al. 1985a).
 
“p
2/12—2/13 2/14—2/15 2/20—2/21 2/23—2/24 2/29—3/1 3/16—3/20 4/11—4/12
frontal weak cold warm cold
Compound NH cyclone storm showers front front showers front
POLYCYCLIC AROMATIC HYDROCARBONS AND DERIVATIVES
Dibenzofurans 168 NA‘ 4.900 23,000 NA 9.300 5,500 NA
Fluorene 166 NA NA 34,000 NA 8,200 2,400 NA
9~Fluorenone 180 29.000 NA NA 9,000 17,000 1.900 18.000
Phenanthrene + Anthracene 178 19.000 2.500 38,000 5.600 17.000 15.000 22.000
Methylphenanthrenes 192 19,000 NA 15.000 3,400 11,000 NA NA
Fluoranthene 202 2,600 1.700 13,000 3,500 10,000 20,000 14,000
Pyrene 202 2.600 1.700 13.000 3,600 10,000 20,000 14,000
9.10—Anthracenedione 208 1,700 NA 2.600 1,400 3,900 NA NA
Benz[a]anthracene 228 640 410 1.300 400 2.300 2,600 1.100
Chrysene 228 1.700 1.100 3.500 1.200 4.500 3,800 2.400
7 -8enz[de]anthracenone 230 560 NA 1,100 900 2,700 NA NA
Benzo[b + j + k]f1uoranthene 252 1,300 430 2.700 3,200 4,900 2.100 900
8enzo[e]pyrene 252 1,400 430 3.000 2,800 4.500 1.700 290
8enzo[u]pyrene 252 580 180 2.500 1.200 3,900 NA NA
Perylene 252 630 NA 2,600 920 3,000 NA NA
Benzo[ghi ]pery1ene 276 1,300 NA 4.200 3.900 5,800 NA 290
Coronene 300 2 ,000 NA 1. 800 NA 14 .000 NA NA
Average of PAH: with Hw< 202 15,000 2,900 24.000 5.000 12,000 11,000 18,000
Average of PAHs with MH> 202 1,200 510 2,500 1.800 5,000 2,600 1.000
ALKANES
Eicosane 282 21,000 NA 15.000 89.000 44.000 NA 32.000
Heneicosane 296 14,000 NA 16.000 76.000 46,000 10,000 12,000
Docosane 310 15,000 NA 12,000 63,000 34,000 NA 6.300
Tricosane 324 27,000 3,900 16,000 29,000 44,000 NA 13,000
Tetracosane 338 10.000 NA 18,000 NA 27.000 NA 6.400
Pentacosane 352 47,000 5,000 11.000 26.000 29.000 NA 22,000
Hexacosane 366 NA 3.300 14,000 NA 36,000 NA 7,000
Average of alkanes 22,000 4,100 15,000 57,000 37,000 10,000 14,000
PHTHALATE ESTERS
Butylbenzylphthalate 298 1,000 NA 13.000 10,000 NA NA NA
8is[2—ethy1hexy1]phthalate 391 9.100 NA 37,000 15,000 NA NA NA
Dioctylphthalate 391 29,000 NA 15,000 65,000 NA 35,000 25,000
Average of phthalates 13,000 NA 22.000 30,000 NA 35,000 25,000
Due to uncertainties in the distribution of compounds between the aerosol
and vapour phases (¢) and in Hg, N and H, total wet atmospheric
fluxes are most often calculated on the basis of concentrations measured in
the field as wet—only deposition (CT, rain), annual precipitation amount
(P) and lake surface area (SA):
FT,w = CT, rain (pg/m3)-P(m/yr)¢SA(m2) = pg/yr (13)
These fluxes should be used to check the validity of those calculated by
equation (12) and hence to verify the parameters used there.
Drv Particle Deposition
The dry deposition of particle—bound organic/inorganic compounds onto a
receptor surface depends on the nature of the deposition surface, particle
size and macro— and micro- meteorology. Particles occurring in the
atmosphere are distributed in two and perhaps three size modes (Figure 2;
Slinn 1983). The smallest particles ((0.1 pm) are largely derived from
gas—to—particle conversion in the atmosphere and are secondary products of
air pollutant emission. These are removed mostly by particle coagulation.
The accumulation mode (2 0.1 - 2 pm) is the result of coagulation
35
















































































































































































































































































































































































































































































































































































































































Vd’h = l/(ra + rb + rc) (16)
where ra, rb and rC are the aerodynamic, sub-layer and subsurface
resistances, respectively, and C ’h is the particulate-bound chemical




















be estimated from local measurements of uh, mean wind speed at a specified
height and t , a measure of local atmospheric stability. The resistance
model is then not unlike the two—layer dry deposition models discussed by
Slinn and Slinn (l980), Slinn (l983), Williams (l982), Giorgi (l986) and
references therein. The two-layer model consists of a constant flux where
particle transfer is dominated by turbulence in the air layer and an
atmospheric deposition layer where transfer is dominated by diffusion,
interception, impaction and settling. Slinn and Slinn (1980) proposed that
deposition was controlled by particle growth in the deposition layer over




Mean partic1e scavenging coefficients, mean gas scavenging
coefficients* and overa11 scavenging coefficients for neutra1 organic
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FIGURE 2. Major sources of atmospheric aerosol particles, "typical"
surface-area distributions of particles in surface—level air and
indications of the major sinks (Slinn l983).
—F/Cz
vd, deposition velocity
l/(ra + rb + rc)
C = concentration at height 2
ra, aerodynamic resistance
7, rb, sublayer resistance




All resistances are for conceptual horizontal layers
  
1 FIGURE 3. Simplified model of dry deposition


































on seasonal atmospheric stabilities, varied with season producing values of
0.5 to 1.0 cm/s in summer and up to 1.7 cm/s in the colder months (Neseley
in Eisenreich
1986).
Deposition velocities differ for different sized
particles and selection of Vd h based on an average particle size is an
oversimp1ification. The following data are considered essential to
adequately predict dry particle deposition (Eisenreich 1986):
Cp(r) : concentration as a function of particle size
u(h) : wind velocity at a reference height
Ts—TA : difference in surface and atmospheric temperatures
RH : relative humidity
o(r) : particle density as a function of particle size
D(r) : molecular diffusivity as a function of particle size
Oc : organic carbon content
TSP : total suspended particle concentrations
These parameters may be used in various dry deposition models (e g. Giorgi
1986; Slinn 1983; Williams 1982) to quantify dry particle deposition.
Numerous strategies exist to estimate dry deposition (Table 24) and then
should be assessed to determine which have utility for this purpose.
TABLE 24. Dry deposition estimation strategies*.
 
SURFACE ANALYSIS METHODS ATMOSPHERIC FLUX METHODS
Aerodynamically designed surfaces Tower—based Eddy correlation
Foliar extraction Vertical gradient measurements
Using throughfall to estimate Eddy correlation from aircraft
dry deposition















































































































































specific chemical constituents. This approach is being used by Eva Voldner
(AES, personal communication) to estimate monthly dry particle fluxes.
Table 25 lists a compilation of selected dry deposition velocities for
organic and inorganic species either inferred from field measurements or
calculations (c.f. McVeety 1986). The Vd's generally range from 0.1 to
1.0 cm/s, not unlike those recently reviewed by Garland (1983), Slinn et a1.
(1978) and Sehmel (1980) for aerosol and gas deposition to soils, grass,
crops, trees, water and snow. Most of these estimates are derived from the
relationship of atmospheric concentration and measured flux in equation 15.
Application of this strategy requires a careful separation of particulate
and vapour phase species and measurement of particle-size distribution and
of chemical concentrations. This, of course, is not a difficulty with trace
metals which do not exhibit a vapour phase at ambient temperature (except
for Hg and a few others).
Measurements required to assess dry deposition need to be Inade on an
event basis during unstable atmospheric periods and periodically during
stable periods. This assumes that particle deposition tends to concentrate
during intense, episodic periods. Large particles settle out of the
atmosphere near emission sources and have high Vd’h's. Therefore, dry
particle deposition may be dominated by large particle fallout near sources
(i.e. urban/industrial centers) (Murphy 1984; Eisenreich l986).
Precipitation scavenging of fine particles is usually more important
than dry particle deposition away fromemission sources. Slinn (1983)
argues that wet and dry deposition velocities (Vw h, Vd h) are about
equal (1 cm/s) over inland lakes averaged annually for’ micron—sized
particles. Over the oceans, Vw,h is greater. For the Great Lakes in
those cases where contaminants are associated with fine particles, wet
removal of particles is thought to be more important (Eisenreich 1987;
Mackay et a1. 1986).
The relative importance of wet versus dry deposition depends on the
proportion of atmospheric species in the gas and particle phases and the
relative efficiency with which each phase is removed:
. P ' CV, air) + ° P ' Cp’ air)] Atw
Vd ' Cp, air
where P and Atw (tw = time of wetfall) refer to the intensity and
duration of the wetfall event and other terms have been described
elsewhere. Based on atmospheric fluxes of A1, Pb and 21°Pb to a small,
remote lake, Talbot and Andren (1983) concluded that 70 — 80% of the Pb and
210Pb flux was due to wet deposition, while (40% of the A1 flux was
attributed to wet inputs. The major difference is that Pb and 21°Pb,
which are associated with sub—micron particles, are effectively removed by
























scavenging by rain and dry particle deposition.
that have high Vd h's.
Atmospheric
1987) are dominated by precipitation
contributions
from vapour







0.37 Mass median average ibid.
PAH—total 0.46 Mass (gas + aerosol) ibid.
PCB-aerosol 0.91 Geo. mean mineral oil- McClure 1976
coated teflon plates
p,p'-DDT 0.59 Geo. mean glycerine— Bidleman and
water coated plates Christensen, 1979
PCB—1254 total 0.16 Geo. mean ibid.
PCB—1016 total 0.038 Geo. mean ibid.
PCB—total 0.13 Geo. mean glycerol- Eisenreich et a1. 1981
coated glass plates
PCB,DDT aerosol 1 Estimated Bidleman et a1. 1976
PCB-aerosol 0.5 Estimated Doskey and Andren, 1981
0.02 Estimated Strand and Andren, 1980
$02 0.36 Geo. mean bucket Feely et a1. 1985
Trace metals 0.24 Tef1on plates particle Davidson et a1. 1983
size 0.28—0.87 pm




14 elements 0.96 Geo. mean Crecelius 1981
Total (wet + dry)
modified from McVeety 1986.
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(FV) is governed by:
FV = (Cd‘iss’ w -

























































































































































































































































































































































































FV = DAN (fw — ﬁg) (21)
l/DAN = l/(DN + DA) (22)
DA = kAZA Dw = kaN (23)
42
42
 Fugacity, f, is related to concentration, C, by the fugacity capacity Z
(mol/m3-atm, ZN = l/H and 2A = l/RT) where r = z"c. DAN, DA






































































































































































































































































kg = 1.0-10'3 + 4.62-10'2-u* (ch)'°-57
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(modified from McVeety l986).
L
Compound ﬁ9d











PCB 7 0.2 Richardson et al. 1983
PCB 0.24 Capel 1983
PCB 0.28 — 1.0 Bopp 1983
PCB 0.24 Tofflemire et al. 1983
PAH 0.20 - 0.44 cf. Mackay and Yuen, 1983
Anthracene 0.24 Strand and Yuen, 1980
BaP 0.21 ibid.
Phenanthrene 0.08 Imboden and Schwarzenbach, 1985
BaP 0.001 ibid.
HCB 0.10 ibid.
2,4,-dichlorobenzene 0.24 Schwarzenbach et a1. 1979


























































to perform such corrections.
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are implicitly included in the other losses.
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01:00; SA; fd; fsed; fv
P; Vd,h; wsed; K0L


















Superior Michigan Huron Erie Ontario
Drainage area (kmz) 127,700 ll8,l00 133,900 58,790 70,700
Surface area (kmz) 82,l00 57,800 59,700 25,700 19,520
Mean depth (m) l49 85 59 l9 86
Maximum depth (m) 406 281 228 60 244
Volume (kma) 12,230 4,920 3,537 483 l,636
Mean connecting channel
inflow (l0 m lyr) -—— ——— l2 l9 2l
Tributary inflow (101° m3/yr) 5.4 2.9 5.1 2.2 3.0
Mean outflow (1o10 m3/yr) 7.1a 4.9b 18C 21d 25e
Annual precipitation (m/yr) 0.76 0.79 0.76 0.84 0.89
























sediment (C , sed), the mass sedimentation rate (Wsed) and fsed, the
fraction of the lake bottom accumulating sediment. This last term is
intended to account for the focusing of sediment into the deeper
depositional basins of each of the lakes. Table 29 lists the mass
sedimentation rates used for the Great Lakes for which the range of means
was about 200 and 1,000 g/m2/a for Lake Superior and Lake Erie,
respectively. These rates are lakewide averages based on tens of dated
sediment cores taken mostly from the depositional basins.
TABLE 29. Sedimentation rates in the Great Lakes.
Lake Wsed (g/m2/yr)
Superior 200 Kemp et al. 1978
(fsed = 0.5) Bruland et al. 1975
Evans et al. 1981
Mothersill et al. 1971
Michigan 400 Edgington and Robbins, 1976
(f = 0.5) Neininger et al. 1983
sed
Huron 220 Robbins 1984
(fsed = 0.5) Kemp and Harper, 1977
Kemp et al. 1974
Erie 1000 ibid.
(f = 0.7) Nriagu et al. 1979
Thomas et al. 1976
Robbins, unpublished data
Ontario 400 Kemp and Harper, 1976
(f d = 0.5) Robbins, unpublished data
58 Durham and Oliver, 1984
= fractional area of lake bottom accumulating sediment.
sed
fsed
Net vapour flux across the air-water interface (FV net) incorporates
both the processes of vapour absorption and volatilization and its
determination has been discussed earlier. Values of the volatilization
parameters used in the calculation of these net vapour fluxes are presented
in Table 30.
TABLE 30. Volatilization parameters.
H
3
Compound afm m Zmo] KOL(m/d) fdiss,w fv,air
x 10 )
BaP 7.6 0.032 0.7 0.2
PCB (A—1252) 200 0.24 0.7 0.8
HCB 1300 0.31 0.7 0.7
Dieldrin 0.25 0.0012 0.7 0.9
6—HCH 16 0.06 0.9 0.9
a—HCH 60 0.15 0.9 0.8
Toxaphene 1.7 0.0079 0.7 0.7































































































































































































































































































































































































































































































































































































































































































































































































































































Tributary Inflow Qtrib (m‘3/yr) 5.4E*10
Outflow from Lake Qout (m‘3/yr) 7.lE+lO
Surface Area SA (m‘Z) 8.2E+10
Lake Volune V (m‘3) 1.2E+13
Sedimentation Area As (m‘2) 4.1E+10
Resusp. Velocity R (m)
Precipitation Rate P (m/yr) 0.76













without Rain f(1) 0.90
Fraction of Lake
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to the magnitude and
chemicals
 
N O R K S H O P
D I S C U S S I O N O U E S T I O N S
Several questions put forward to the workshop participants were related
importance of atmospheric deposition of selected
to the Great Lakes. This section of the report provides a
synthesis of scientific opinion on each:
1.
50
WHAT ARE THE IMPORTANT PROCESSES GOVERNING ATMOSPHERIC DEPOSITION OF
ORGANIC AND INORGANIC CONTAMINANTS TO THE GREAT LAKES?
Atmospheric deposition of chemical pollutants to the Great Lakes
depends, in part, on the emission strength of the individual chemical
and the spatial and temporal characteristics of its emission.
Agricultural pesticides are emitted into the atmosphere deliberately and
in a form different from the emission of combustion—related chemicals.
Sources of atmospheric pollutants may be stationary (e.g. coal—fired
power plant, Niagara Falls) or mobile (e.g. automobiles), diffuse (e.g.
urban areas) or localized (e g. sanitary land fills). Once emitted into
the atmosphere, the processes by which pollutants are transported to the
receptor depend on their distribution between the aerosol and vapour
phases. Particles and gases may be removed from the atmosphere by
precipitation scavenging (rain, snow), by dry particle deposition and by
vapour transfer into the water across the air-water interface (i.e.
absorption). Pollutants may also be emitted into the atmosphere from
the lake by volatilization of the chemical resulting in its transfer
across the air-water interface. The relative importance of each of
these processes depends on the physical/chemical properties of each
compound and its particle size distribution in the atmosphere. Evidence
suggests that precipitation scavenging of fine particles (<2 pm) and
vapour exchange dominate atmospheric inputs distant from major point
sources or source regions. Dry deposition of larger particles may be
more important near sources. The calculations reported in this study
and recent literature (Doskey and Andren, l981; Murphy 1984; Mackay et
al. l986; Swackhamer and Armstrong, l986; Eisenreich l987) strongly
support the hypothesis that the Great Lakes are actively degassing
organic contaminants deposited historically. This is a mechanism
contributing to both lake detoxification and global redistribution of
"old" chemicals.
WHAT IS THE MAGNITUDE OF ATMOSPHERIC DEPOSITION OF ORGANIC AND INORGANIC
CONTAMINANTS TO THE GREAT LAKES?
The process of estimating the magnitude of atmospheric inputs of
selected pollutants involves the availability of the following
information:
SA : Lake surface area
fd : Fraction of year without wetfall
precipitation
fv 2 Fraction of atmospheric concentration in
the vapour phase
P : Netfall precipitation intensity
Vd,h Dry deposition velocity - particle
50
5l
KOL Air—water vapour mass transfer coefficient
CT, rain Total concentration in rain
Cp,a1r Concentration in atmospheric particle
phase
Cdiss, w Concentration of chemical dissolved in
wa er
CV, air Concentration of atmospheric chemical in
vapour phase
Data on the concentrations of “critical” pollutants in environmental
compartments comprising the atmosphere and water of the Great Lakes are
dramatically lacking. As important as concentrations are, there is an
even greater lack of information on mass transfer parameters both
between and within aquatic and atmospheric compartments; The workshop
participants felt that sufficient information is available in the above
areas to attempt to make input—output calculationsfor only PCBs,
benzo[a]pyrene, mirex (Lake Ontario only) and lead.
Table 33 summarizes the input-output calculations for these chemicals
and for t-DDT. Addendum II lists complete input—output calculations in
a format similar to Table 31. Insufficient data were available for even
rudimentary calculations to be made for the balance of the "critical"
pollutants.




TABLE 32. Atmospheric inputs to the Great Lakes.
kg yr‘1
PCBs DDT B[a]p Pb(x103)
Lake Superior 548 90 69 234
Lake Michigan 394 64 179 540
Lake Huron 399 65 183 404
Lake Erie 182 33 81 225

































































































































































































   
































































































































































































































































































































































































HON IMPORTANT IS ATMOSPHERIC DEPOSITION OF ORGANIC AND
CONTAMINANTS RELATIVE TO OTHER SOURCES?
The input caicu1ations (Tab1e 33) indicate that the atmosphere is the
dominant contributor of PCBs




















1ower Great Lakes of Erie and Ontario.
Figures 5 through 7 portray the




the lakes. For example, the input calculations show that 90, 58 and 78%
of the total PCB loading to Lakes Superior, Michigan and Huron,
respectively, are derived from atmospheric deposition. In contrast,
only l3 and 7% of total PCB inputs to Lakes Erie and Ontario,
respectively, are derived from atmospheric deposition. The primary
reason for this difference in significance is the large estimated
loading of these pollutants to the connecting channels of the Detroit,
St. Clair and the Niagara Rivers by neighbouring industrial discharges
and leakage from chemical waste dump sites. Indirect atmospheric inputs
to Lakes Huron, Erie and Ontario derived from “upstream” serve to
increase the importance of total atmospheric inputs from l to 32%,
depending on lake and chemical. For example, indirect atmospheric
inputs increase the total contribution of atmospheric PCB inputs from
63 to 78% for Lake Huron but only from 6 to 7% for Lake Ontario. In
contrast, an average of 8l% of the BaP and 83% of the Pb loadings are
derived from total atmospheric inputs to the lakes, most of which comes
from direct atmospheric inputs. Only about 4.5% of the mirex inputs to
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Atmospheric loading of iead to the Great Lakes.
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WHAT ARE THE IMPORTANT LOSS PROCESSES OF CHEMICAL POLLUTANTS IN THE
GREAT LAKES AND HOW IMPORTANT ARE THEY COMPARED TO INPUTS?
Table 33 shows that estimates of output exceed those of input for all
chemicals and lakes except for PCBs in Lakes Erie and Ontario and Pb for
Lake Michigan. This phenomenon is illustrated in Figures 8 through l0,
in which the magnitudes of all input and output pathwaysare presented
for PCBs, DDT and Pb.
Subscripts used are as follows: T—tributaries, cc—connecting channels,
A—atmospheric, V—volatilization, S—sediment accumulation, O—output,
DD—direct discharges. The organic pollutant losses are dominated by
volatilization and sedimentation while Pb losses are dominated by
sedimentation. Volatilization is a dominant loss process for PCBs in
the Great Lakes, somewhat less important for DDT and much less important
for BaP. The large net flux of chemicals out of the lakes indicated by
these calculations, at least quantitatively, supports the hypothesis
that volatilization and sedimentation are the major loss processes
involved in the detoxification of the lakes. However, the magnitude and
even the direction of the flux resulting from chemical transfer across
the air—water interface are highly uncertain. This results from the
uncertainty in the mass transfer coefficients, the temperature
dependence of Henry's Law Constant, the difficulty in measuring the
activity of organic chemicals in dilute solution and the temporal and
seasonal dynamics of the lakes. Particular research emphasis must be
placed on reducing the uncertainties (presently unknown but large) in
the estimate of volatilization and sedimentation.
These input—output calculations may be placed in better perspective by a
comparison of lakes and compounds which have received special attention
by researchers. Table 34 presents a comparison of the mass balance
estimates of Eisenreich (l987) and of Swackhamer and Armstrong (l986)
for PCBs in Lakes Superior and Michigan, respectively. In these two
cases, the cycling of PCBs was studied in a more rigorous manner than
was permitted by the generic format of this mass balance calculation.
Also, much is known about PCBs in these two systems. For both Lake
Superior and Michigan, the results of the present calculations show a
large net loss of PCBs dominated by volatilization. The estimates of
PCB input made by Swackhamer and Armstrong (1986) and Eisenreich (l987)
are closer to being in balance although the direction of the net change
is reversed. The differences would seem to be mainly in the
volatilization term although tributary inputs (Superior) and
sedimentation (Michigan) are also important. Again, this divergence of
calculated results shows the importance of improving our understanding
of the volatilization process.
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 TABLE 34. PCB mass balance (kg yr'l).
L A K E S U P E R I O R
   
INPUTS: Eisenreich 1987* This Studv
Atmosphere: Net Deposition 150 — 400 312
Dry Deposition — Particles 35 — 70 236
Tributary 1000 54
Municipal/Industrial 60 ____§__
TOTAL 1350 - 1700 606
OUTPUTS:
Nater-to-Air Transport (Vapour) 500 1900
Outflow 100 43
Sedimentation 300 — 800 246
TOTAL 900 — 1400 2190
L A K E M I C H I G A N
INPUTS: Swackhamer and
Armstronq. 1986 This Studv
Atmosphere: Net Deposition 275 — 515 228
Dry Deposition — Particles 25 - 50 166
Tributary 270 - 2600 290
TOTAL 570 — 3165 685
OUTPUTS:
Nater—to-Air Transport (Vapour) 150 - 410 5140
Outflow 6O 98
Sedimentation 440 2310
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Great Lakes basin mass-ba1ance mode1: Mirex
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ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA.
TABLE 1. Total Lead in the Great Lakes.
   
C O N C E N T R A T I 0 N S (references)
SUSPENDED
HATER SOLIDS SEDIMENT A I E RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (nglm ) (ng/L)






ERIE‘ 1500”5 79’7 6885 soooiiz
22011 1900085
120028 32 7300
—Detroit River 71 108
—Other tributaries 9.3





MICHIGAN: 145_26011s (ngiE: 4024 50_]00124
—Michigan tributaries 3.471 110
SUPERIOR: 100028 . (ng/L) 14011:0 23::- 18002;.




      




















    
      
 
 
ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
TABLE 2. Mercury in the Great Lakes.
C O N C E N T R A T I O N S (references)
SUSPENDED
HATER SOLIDS SEDIMENT A I E RAIN












44115 8115 0 1124
SUPERIOR: (ng/L)
28 114° 52' 66
n.d.114. 7.6 1.1 26
22§2' 2252'
Numbers in superscript refer to reference numbers from the main
report. Those with a dot (-), are to personal communications or




ENVIRONMENTAL CONCENTRATION DATA. CONTINUED




HATER SOLIDS SEDIMENT A I R RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (nglma) (ng/L)
ONTARIO‘ 170::5 10” 0.4485 100029°
—Niagara River 68 17
4'0149
ERIE‘ 310::5 6.677 0.58as 1000029°
98 15085
HURON: 40028 1.3—2.o::’ 0.4485 100022'
41115 1.0—4.0 130






SUPERIOR. 13028 . 11‘ 0.4_0.852 1.25217 n d::




   
Numbers in superscript refer to reference numbers from the main
report. Those with a dot (o), are to personal communications or





ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
   
  
 
TABLE 4. Arsenic in the Great Lakes.
C 0 N C E N T R A T I O N S (references)
HATER ggﬁgggDED SEDIMENT A I R RAIN







HURON: 44028 159 30013 0.2313
700115 1.9 — 7.2
210159
MICHIGAN: 760115 (ng/L) 10 524
2200‘ 4011" '
SUPERIOR: 5601140 (ng/L) 2.952-
11114.
    
 
 
Numbers in superscript refer to reference numbers from the main
























































MICHIGAN: I543 243 o 4843 1.15 1.0515
46 42/44/45
7 3“ 0.47
, 52' . .
SUPERIOR' 0.06—0.17 0.0652 0.028“7 0.0292 0.65:2
3.0 snow
0.4892
Numbers in superscript refer to reference numbers from the main
report. Those with a dot (o), are to personal communications or
other unreviewed material.
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other unreviewed material.
ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
TABLE 6. Polychlorinated Biphenyls (PCBs) in the Great Lakes.
C 0 N C E N T R A T I 0 N S (references)
SUSPENDED
NATER SOLIDS SEDIMENT A I E RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (nglm ) (ng/L)
ONTARIO‘ 0.81:: 0.0581522. 5.91:;4 3296 O
0.95 0.2—0.3 o.1§ 2.429
1.0 ‘ 2.4137














0 17101 1 8137









1.0 8:3341°1 1 5137



















































ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
  













HATER SOLIDS SEDIMENT A I R RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (ng/m3) (ng/L)
ONTARIO‘ 0.05214 0.011138 n.d.9‘
n. .29.
0.034137




















      





Those with a dot (o), are to personal communications or
other unreviewed material; n.d.
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ADDENDUM I.
ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
  
 










     
 
 
      
 
other unreviewed material; n.d.
= not detected.
TABLE 8. Mirex in the Great Lakes.
C 0 N C E N T R A T I 0 N S (references)
HATER EgEESgDED SEDIMENT A I R RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (ng/m3) (ng/L)
ONTARIO: (1133 0.01§72 (1138
n.d.l‘ 0.22 3‘.
0.02552




SUPERIOR: 0.00430 n.d 135
Numbers in superscript refer to reference numbers from the main











































































Those with a dot (o), are to personal communications or
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ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA, CONTINUED
TABLE 10. Lindane (gamma—hexachiorocyclohexane) in the Great Lakes.
C 0 N C E N T R A T I 0 N S (references)
SUSPENDED
HATER SOLIDS SEDIMENT A I E RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (ng/m ) (ng/L)
ONTARIO: 3.71:8 0.0561322. 4.79:.
1.3 0.002— 8. :37.
0.004 3.7
-N1agara River 1.730 0.003;;
0.001
ERIE: 0.0005_5z- 6. :3.
0.002 2. 137'
5.4
—Detr01t River 0 9213 0.012132
1.4”2
HURON: 0.68" 0.000552' 6. 9‘
2.0137.
MICHIGAN: 0.000552-








     
Numbers in superscript refer to reference numbers from the main
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other unreviewed material.
TABLE 11. aTpha-hexachTorocycTohexane (a—HCH) in the Great Lakes.
C 0 N C E N T R A T I 0 N S (references)
SUSPENDED
HATER SOLIDS SEDIMENT A I R RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (ng/m3) (ng/L)
ONTARIO: 6.714 0.0025520 19.196.
10.829
4.7137.
—N1agara River 9.480 0.00577
0.004“°
ERIE‘ 0.001— 52' 10.3".
0.004 8.529
15.91.37.
—Detr01t River 4.}73 0.041132
12. 32












Numbers in superscript refer to reference numbers from the main
report. Those with a dot (o), are to personal communications or
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ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA, CONTINUED
TABLE 12. DDT Residues in the Great Lakes.
 
CONCENTRATIONS (references)
HATER ggfgggDED SEDIMENT A I R RAIN
LAKE/TRIBUTARY (ng/L) (pg/g) (pg/g) (nglm3) (ng/L)
ONTARIO: 0.1414 0.04361 0 0]_ 55 5.695126
52. 0.05 074—1 4
0.055 0 62138
0.9929“






























Numbers in superscript refer to reference numbers from the main
report. Those With a dot (0), are to personal communications or
other unreviewed material; n.d. = not detected.
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ADDENDUM I. ENVIRONMENTAL CONCENTRATION DATA. CONTINUED
TABLE 13. Toxaphene in the Great Lakes.
C 0 N C E N T R A T I 0 N S (references)
SUSPENDED
HATER SOLIDS SEDIMENT A I R RAIN






















































































































































































Description Sywbol Value I Description Synbol Value I
. . . .
. . . .
. . - -
- - - .
- .
- - . .
. . . -
. - - .
- -
- - - .






























































































































































































































































































































































































































































































































































































































Tributary Inflow Otrib (m‘3/yr) 2.9E+10
Outflow from Lake Gout (m‘3/Yr) 4.9E+1D
Surface Area SA (m‘2) S.BE+10
Lake Volume V (m‘3) 4.9E+12
Sedimentation Area As (m‘Z) 2.9E+10
Resusp. Velocity R (m) 0.0
Precipitation Rate P (m/yr) 0.79
Sedimentation Rate Used (g/m‘Z-yr) 400
Ice Cover Fraction Icefrac 0.9
Fraction of Year
without Rain f(1) 0.9
Fraction of Lake
Accum. Sediments f<sed) 0.5
|
Flux intoLake Michigan |
Description Symbol Value |
. . . . . . . _ . . . _ . . . . . . . . _ _ _ _ . _ _ _ , , . . , , _ _ _ _ I
Tributary Flux Ftrib (g/Yr) 2.90E+05
Het Deposition Fa,H (g/yr) 2.28E+05
Dry Deposition Fa,d (Q/Yr) 1.66E+05



















Surficial Sed. Conc. Csed (ug/g)
Atm Particle Dep Vel Vd (m/yr)









Transfer Coef. KH (m/yr)
Air/Hater Distribu-
tion Coefficient H/RT
Flux out of Lake Michigan
















| Outflow from Lake Fout (g/yr) 9.80E+04 :
| Sedimentation Fsed (9/Yr) 2.31E+06 |
| Mass Transfer |







Total Flux Out 7.55E+06 |
| Total Lake Input
Net Flux
  
    
  
   
   



























































































. . . . . . . . . . I .................- .............
5.10E+10 I Tributary Conc. Ctrib (ug/m‘3)
I Conc. in Connecting
7.15+10 I Channel from L.S. Cls (ug/m‘3)
4.9E+10 I " from L.H. Clm (ug/m‘3)
1.8E+11 I “ to L.E. Cle (ug/m‘3)
6.0E+10 I Atm Vapor Conc. Ca,v (ug/m‘3)
3.SE+12 I Atm Particle Conc. Ca,p (ug/mA3)
3.0E+10 I Total Rain Conc. Cr (ug/m‘3)
0.0 | Total Lake Conc. Ct (ug/m‘3)
0.76 | Dissolved Lake Conc. Cd (ug/m‘3)
220 | Lake Particle Conc. Cp (ug/m‘3)
0.9 I Surficial Sed. Cone. Csed (ug/g)
I Atm Particle Dep Vel Vd (m/yr)
0.9 | Atm Part washout Coef Ho
| Atm/Uater Mass
0.5 | Transfer Coef. Kw (m/yr)
I Air/water Distribu-
I tion Coefficient H/RT
I
Flux out of Lake Huron I
Description Symbol Value |
. _ . . . . . . . . . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . I
Outflow from Lake Fout (9/Yr) 1.80E+05 I
Sedimentation Fsed (g/Yr) 6.57E+05 I
Mass Transfer I
























































    
    
   
  
   
  
  
   
  
   
 
 
































Symbol Value I Description Symbol
. . . . . . . . . . . . . . . . . . . . . . . I ..........._.._... ............_
Qtrib (m‘3/yr) 2.2E+10 | Tributary Conc. Ctrib (ug/m‘3)
I Conc. in Connecting
Ocon (mAS/yr) 1.9E+11 | Channel from L.H. Ccon (ug/m‘3)
Oout (m‘3/yr) 2.1Ef11 | " to L.0. Ccon (ug/m‘3)
SA (m‘Z) 2.6E+10 I Atm Vapor Conc. Ca,v (ug/m‘3)
V (m‘3) 4.8E+11 I Atm Particle Conc. Ca,p (ug/m‘3)
As (m‘Z) 2.TE+10 I Total Rain Conc. Cr (ug/m‘3)
R (m) 0.0 I Total Lake Conc. Ct (ug/m‘3)
P (m/Yr) 0.84 I Dissolved Lake Conc. Cd (ug/m‘3)
Used (g/m‘Z-yr) 1000 | Lake Particle Conc. Cp (ug/m‘3)
lcefrac 0.9 I Surficial Sed. Conc. Csed (ug/g)
| Atm Particle Dep Vel Vd (m/yr)
f(1) 0.9 | Atm Part Hashout Coef No
I Atm/Hater Mass
f(sed) 0.7 | Transfer Coef. Kw (m/yr)
| Air/Hater Distribu-
| tion Coefficient H/RT
I







. . . . . . . . . .


































































| X Atmospheric Chemical
| Contribution to Residence












...I . . . . . . . . . . . . . . . . . . . . . . . . .









Great Lakes Basin Mass Balance Model: PCBs
LAKE ONTARIO
l
Lake Parameters I Chemical Parameters
De5cription Symbol Value I Description Symbol Value
. . . . . . - - - - - - - - - - - - - - - - - - - - - ~ - - ‘ - - - - - - - - - ' I ------------------ ------—------ ---.......
Tributary Inflow Qtrib (m‘S/yr) 3.0E+10 I Tributary Conc. Ctrib (ug/m‘3) 10.0 I
Connecting Channel I Conc. in Connecting I
Inflow from L.E. Qcon (m‘3/yr) 2.IE+11 I Channel from L.E. Ccon (ug/m‘3) 10.0
Outflow from Lake Qout (m‘3/yr) 2.5E+11 | Atm Vapor Conc. Ca,v (ug/m‘3) 4.005-04 I
Surface Area SA (m‘Z) 2.0E+10 I Atm Particle Conc. Ca,p (ug/m‘3) 1.00E-04 I
Lake Volume V (m‘3) 1.6E+12 I Total Rain Conc. Cr (ug/m‘3) 5.0 I
Sedimentation Area As (m‘2) 7.5E+09 I Total Lake Conc. Ct (ug/m‘3) 0.9
Resusp. Velocity R (m) 0.0 I Dissolved Lake Conc. Cd (ug/m‘3) 0.6
Precipitation Rate P (m/yr) 0.89 I Lake Particle Conc. Cp (ug/m‘3) 0.3 I
Sedimentation Rate Used (g/m‘Z-yr) 400 I Surficial Sed. Conc. Csed (us/g) 0.1 I
Ice Cover Fraction Icefrac 0.9 I Atm Particle Dep Vel Vd (m/yr) 3.ZE+04 I
Fraction of Year I Atm Part washout Coef Ho 0.0 I
without Rain f(1) 0.9 I Atm/Uater Mass I
Fraction of Lake | Transfer Coef. Kw (m/yr) 73.0 I
Accum. Sediments f(sed) 0.5 I Air/Hater Distribu- I
I tion Coefficient H/RT 0.0085 I
I ‘ M _ - | % Atmospheric Chemical
Flux into Lake Ontario I Flux out of Lake Ontario I Contribution to Residence
Description Sywbnl Value | Description Symbol Value I Total Lake Input Time (yrs)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I ................ _._.......... .......... I .............. ...........
Tributary Flux Ftrib (g/yr) 3.00E+05 I Outflow from Lake Fout (g/yr) 2.25E+05 I 1.1
Connecting Channel I Sedimentation Fsed (g/Yr) 3.9DE+05 | Direct
from L. Erie Fle (g/yr) 2.10E+06 I Mass Transfer I 5.6
Net Deposition Fa,H (g/Yr) 8.68E+04 I (Volatilization) Fv (g/yr) 7.08E+05 I
Dry Deposition Fa,d (g/yr) 5.62E+04 I I Indirect
I | 1.1
Other Loadings Unaccounted for Above (g/Yr) I I
I I Total
Direct Uastewater Discharge I I 6.7
Direct Industrial Discharge | I
I l
. . . . . . . . . . . I ..........I .............. ...........









Other Loadings Unaccounted for Above (g/Yr)





















Outflow from Lake Gout (m‘3/yr) 7.1E+10
Surface Area SA (mAZ) 8.ZE+10
Lake Volume V (m‘3) 1.2E+13
Sedimentation Area As (m‘Z) 4.1E+10
Resusp. Velocity R (m)
Precipitation Rate P (Mlyr) 0.76















without Rain f(1) 0.90
Fraction of Lake
‘Accum. Sediments f(sed) 0.5
I
Flux intoLake Superior I
Description Symbol Value I
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
Tributary Flux Ftrib (9/Vr) 2.70E+03
I Bet Deposition Fa,w (glyr) 1.87E+04















| Tributary Conc. Ctrib (ug/m‘3) 0.05 I
I Conc. in Connecting I
I Channel to L.H. Cc0n (ug/m‘3) 0.2
| Atm Vapor Conc. Ca,v (ug/m‘3) 7.0E-05 |
| Atm Particle Conc. Ca,p (ug/m‘3) 3.0E-05 I
I Total Rain Conc. Cr (ug/m‘3) 0.3 I
I Total Lake Conc. Ct (ug/m‘3) 0.20 |
I Dissolved Lake Conc. Cd (ug/m‘3) 0.14 I
| Lake Particle Conc. Cp (ug/m‘3) 0.06 |
| Surficial Sed. Conc. Csed (US/9) 0.008 |
| Atm Particle Dep Vel Vd (m/yr) 3.2E+04 |
I Atm Part Hashout Coef Ho 0.00 I
I Atm/Hater Moss |
I Transfer Coef. Kw (Mlyr) 73.0 |
I Air/Hater Distribu- |
I tion Coefficient H/RT 5.1E-03 I
Flux out of Lake Superior
Description Symbol Value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
I Outflow from Lake Fout (9/Yr) 1.4ZE+04 |
I Sedimentation Fsed (9/Yr) 6.57E+04 |
| Mass Transfer I







Total Flux Out 7.61E+05 |
X Atmospheric
I Contribution to
I Total Lake Input
Net Flux
  
   
   














Great Lakes Basin Mass Balance Model: t-DDT
LAKE MICHIGAN
1
Lake Parameters | Chemical Parameters I
Description Symbol Value | Description Symbol Value |
- - - - — - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - v - - ' ~ | ------~~---------- --—---------- ..........
Tributary Inflow Qtrib (m‘3/yr) 2.9910 | Tributary Conc. Ctrib (ug/m‘3) 0.05 I
Outflow from Lake Gout (m‘3/yr) 4.9910 | Conc. in Connecting |
Surface Area SA (m‘2) 5.8910 | Channel to L.H. Ccon (ug/m‘S) 0.2 I
Lake Volune V (m‘3) 4.9912 | Atm Vapor Conc. Ca,v (ug/m‘3) 7.0E-05 |
Sedimentation Area As (m‘Z) 2.9910 I Am Particle Conc. Ca,p (ug/m‘3) 3.05-05 |
' Resusp. Velocity R (m) 0.0 | Total Rain Conc. Cr (ug/m‘3) 0.3 |
Precipitation Rate P (m/yr) 0.79 | Total Lake Conc. Ct (ug/m‘3) 0.20 |
Sedimentation Rate Used (g/m‘Z-yr) 400 | Dissolved Lake Conc. Cd (ug/m‘3) 0.14 |
Ice Cover Fraction Icefrac 0.9 | Lake Particle Conc. Cp (ug/m‘3) 0.06 |
Fraction of Year | Surficial Sed. Conc. Csed (us/9) 0.05 I
without Rain f(1) 0.9 | Atm Particle Dep Vel Vd (m/yr) 3.2904 |
Fraction of Lake | Atm Part Hashout Coef No 0.0 |
Accun. Sediments f(sed) 0.5 | Atm/Uater Mass |
| Transfer Coef. Kw (m/Yr) 73.0
| Air/Hater Distribu- |
I tion Coefficient H/RT 5.1E-03 |
I | Z Atmospheric Chemical
Flux intoLake Michigan I Flux out of Lake Michigan | Contribution to Residence
Description Synbol Value | Description Synbol Value I Total Lake Input Time (yrs)
. . . _ _ . . . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . . . I ................ ............. .......... I .............. ...........
Tributary Flux Ftrib (g/Yr) 1.45903 I_0ut\f>lpb_l from Lake Fout (glyr) 9.80903 | 97.8 0 9
Net Deposition Fa,H (9/Yr) 1.37904 | Sedimentation Fsed (glyr) 5.78905 |
Dry Deposition Fa,d (g/yr) 4.99904 | Mass Transfer |
| (Volatilization) Fv (g/yr) 4.80905 I
Other Loadings Unaccounted for Above (g/yr) I I
I I
Direct Uasteuater Discharge | I
Direct Industrial Discharge | I
I I
. . . . . . . . . . . I ..........l ....-......... ...........
Total Flux In 6.51904 | Total Flux Out 1.07906 I Net Flux -1.00906
99 99
  
Great Lakes Basin Mass Balance Model: t-DDT
LAKE HURON





















Tributary Flux Ftrib (Q/Yr) 2.55E+03
Connecting Channel
from L. Sup. Fls (g/yr) 1.42E+04
from L. Mich. Flm (g/Yr) 9.80E+D3
wet Deposition Fa,w (g/yr) 1.36E+04
Dry Deposition Fa,d (9/Yr) 5.16E+04









Symbol Value Description Symbol
. . . . . . . . . . . . . . . . . . . . . . . I .................. ............. ...
5.10E+10 I Tributary Conc. Ctrib (ug/m‘3)
I Conc. in Connecting
Ocon (m‘3/yr) 7.1E+10 I Channel from L.s. Cls (ug/m‘3)
0con (m‘3/yr) 4.9E+10 I " from L.M. Clm (ug/m‘3)
Oout (m‘3/yr) 1.8E+11 I " to L.E. Cle (ug/m‘3)
SA (m‘2) 6.0E+10 I Atm Vapor Conc. Ca,v (ug/m‘3)
V (m‘3) 3.SE+12 I Atm Particle Conc. Ca,p (ug/m‘3)
As (mAZ) 3.0E+10 I Total Rain Conc. Cr (ug/m‘3)
R (m) 0.0 I Total Lake Conc. Ct (ug/m‘3)
P (m/yr) 0.76 I Dissolved Lake Conc. Cd (ug/m‘3)
Used (g/mAZ-yr) 220 | Lake Particle Conc. Cp (us/m‘3)
Icefrac 0.9 | Surficial Sed. Conc. Csed (us/9)
| Atm Particle Dep Vel Vd (m/yr)
f(1) 0.9 I Atm Part Hashout Coef we
I Atm/Hater Mass
f(sed) 0.5 I Transfer Coef. Kw (m/Yr)
I Air/Hater Distribu-
I tion Coefficient H/RT
|
| Flux out of Lake Huron
I
Description Symbol Value
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I Outflow from Lake Fout (g/yr) 3.60E+04
I Sedimentation Fsed (g/yr) 2.63E+05
| Mass Transfer









.I . . . . . . . . .







































































. . . . . . - - - - - - - - - - - - - - - - - - ~ - - - - . - - ‘ - > - - - - - - | ----—------------- -------.---.. ...












Inflow from L.H. Qcon (m‘S/yr) 1.9E+11 | Channel from L.H. Ccon (ug/m‘3)
Outflow from Lake Gout (m‘3/yr) 2.IE+11 | " to L.0. Ccon (ug/m‘S)
Surface Area SA (m‘Z) 2.6E+10 | Atm Vapor Conc. Ca,v (ug/m‘3)
Lake Volume V (m‘3) 4.8E+11 | Atm Particle Conc. Ca,p (Ug/m‘3)
Sedimentation Area As (m‘Z) 2.1E+10 | Total Rain Conc. Cr (ug/m‘3)
Resusp. Velocity R (m) 0.0 I Total Lake Conc. Ct (ug/m‘3)
Precipitation Rate P (m/yr) 0.84 I Dissolved Lake Conc. Cd (ug/m‘3)
















Fraction of Year I Atm Particle Dep Vel Vd (m/yr)
without Rain f(1) 0.9 | Atm Part washout Coef Ho
Fraction of Lake | Atm/Uater Mass
Accum. Sediments f(sed) 0.7 I Transfer Coef. Ku (m/yr)
I Air/Hater Distribu-
I tion Coefficient H/RT
I
Flux into Lake Erie I Flux out of Lake Erie
Description Symbol Value | Description Sywbol Value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I ................ ............. ..........
Tributary Flux Ftrib (9/Yr) 1.10E+03 | Outflow from Lake Fout (9/Yr) 4.20E+04
Connecting Channel I Sedimentation Fsed (9/Yr) 5.40E+05
from L. Huron Flh (g/yr) 2.85E+05 I Mass Transfer
Vet Deposition Fa,u (g/yr) 1.08E+04 I (Volatilization) Fv (g/yr) 2.13E+05
Dry Deposition Fa,d (g/Yr) 2.22E+04 I
|
Other Loadings Unaccounted for Above (9/Yr) I
I
Direct Hasteuater Discharge I
Direct Industrial Discharge I
I


































| Z Atmospheric Chemical
I Contribution to Residence
I Total Lake Input Time (yrs)












.I . . . . . . . . . . . . . . . . . . . . . . . . .
| Net Flux -4.76€+05
IOI
  




























Lake Parameters | Chemical Parameters
Description Symbol Value I Description Symbol
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I ...-.............. ............. ...
Tributary Inflow Otrib (m‘3/yr) 3.0E+10 | Tributary Conc. Ctrib (ug/m‘3)
Connecting Channel I Conc. in Connecting
Inflow from L.E. Qcon (m‘3/yr) 2.1E+11 I Channel from L.E. Ccon (ug/m‘3)
Outflow from Lake Gout (m‘3/yr) 2.SE+11 | Atm Vapor Conc. Ca,v (ug/m‘3)
Surface Area SA (m‘2) 2.0E+10 [ Atm Particle Conc. Ca,p (ug/m‘3)
Lake Volume V (m‘3) 1.6E+12 | Total Rain Conc. Cr (ug/m‘3)
































































































Fraction of Lake | Transfer Coef. Kw (m/yr)
Accum. Sediments f(sed) 0.5 | Air/Hater Distribu-
[ tion Coefficient H/RT
|
Flux into Lake Ontario | Flux out of Lake Ontario
Description Symbol Value | Description Symbol Value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I ................ ............. .........
Tributary Flux Ftrib (g/Yr) 1.SOE+O3 l Outflow from Lake Fout (g/Yr) 5.00E+04
Connecting Channel | Sedimentation Fsed (g/yr) 1.95E+05
from L. Erie Fle (g/yr) 8.40E*04 I Mass Transfer
Het Deposition Fa,w (g/yr) 8.68E+03 | (Volatilization) Fv (g/yr) 1.62E+05
Dry Deposition Fa,d (Q/Yr) 1.68E+04 |
l
Other Loadings Unaccounted for Above (g/Yr) l
|
Direct Hastewater Discharge |
Direct Industrial Discharge |
|
. . . . . . . . . . . I ____.'_-_





















































































































































































































































without Rain f(1) 0.90
Fraction of Lake
Accum. Sediments f(sed) 0.5
I
Flux into Lake Superior |
Description Symbol Value I
. . . _ . . _ . . _ . . . . . . . . _ . . . . A . _ . . . _ . . . . . . . . I
Tributary Flux Ftrib (g/yr) 2.70E+03
Het Deposition Fa,u (g/yr) 3.12E+04




















Tributary Conc. Ctrib (ug/m‘3)
Conc. in Connecting










I Atm Vapor Conc.
| Atm Particle Conc.
I Total Rain Conc.
I Total Lake Conc.
| Dissolved Lake Conc.








Surficial Sed. Conc. Csed (ug/g)
Atm Particle Dep Vel Vd (m/yr)
Atm Part Hashout Coef Ho
Atm/Hater Mass
Transfer Coef. Ku (m/yr)
Air/Hater Distribu-
tion Coefficient H/RT





. . _ . . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
Outflow from Lake Fout (g/yr) 7.10E+03 I
Sedimentation Fsed (g/yr) 2.46E+05 I
Mass Transfer I






. . . . . . . . . . I











I Contribution to Residence




   














































I Chemical Parameters |
symbol Value I Description Synbol Value I
----------------------- I I
atrib (m‘3/yr) 2.9E+10 I Tributary Conc. Ctrib (ug/m‘3) 1.0 I
gout (m‘s/yr) 4.9E+10 I Conc. in Connecting
5A (maz) 5.8E+10 I Channel to L.H. Ccon (ug/m‘3) 1.0 I
v (mc3) 4.96372 "IwithVapor Conc. Ca,v (ug/m‘3) 2.00E-05 I
As (mAz) 2.9E+10 I Atm Particle Conc. Ca,p (ug/m‘3) 8.006-05 I
R (m) 0.0 I Total Rain Conc. Cr (ug/m‘3) 1.0 I
p (m/yr) 0.79 I Total Lake Conc. Ct (ug/m‘3) 1.0 |
used (g/mcz-yr) 400 I Dissolved Lake Conc. Cd (ug/m‘3) 0.7 I
Icefrac 0.9 I Lake Particle Conc. Cp (ug/m‘3) 0.3 I
I Surficial Sed. Conc. Csed (ug/g) 0.5 I
f(1) 0.9 I Atm Particle Dep Vel Vd (m/yr) 3.2E+04 I
I Atm Part washout Coef Ho 0.0 I
f(sed) 0.5 I Atm/Hater Mass I
I Transfer Coef. Kw (m/yr) 11.7 I
I Air/Hater Distribu~ I
I tion Coefficient H/RT 8.47E-03 I
I I % Atmospheric Chemical
Flux into Lake Michigan
I









I Total Lake Input
Time (yrs)
. . . . . . . . . .






































































































































































































































































































Flux intoLake Huron I
Description Symbol Value |
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
Tributary Flux Ftrib (9/Yr) 5.105+04
Connecting Channel
from L. Sup. Fls (g/yr) 7,105+o3
from L. Mich. Flm (glyr) 4.9os+o4
Vet Deposition Fa,u (g/yr) 4,545+oa






Other Loadings Unaccounted for Above (g/yr) I
I
I
Direct Industrial Discharge I
I
Total Flux In 2.90E¢05 I
105
Total Lake Conc. Ct (ug/m‘3)
Cd (ug/m‘3)
Lake Particle Conc. Cp (ug/m‘3)
Surficial Sed. Conc. Csed (Us/g)
Atm Particle Dep Vel Vd (m/yr)
Atm Part Hashout Coef Ho
Atm/Uater Mass









































I X Atmospheric Chemical
Flux out of Lake Huron I Contribution to Residence
Description Symbol Value I Total Lake Input Time (yrs)
. . . . . . . . . . e . . . . . . _ . _ . . . . . . . . _ _ . . . . . . . . . I .......-...... .......--.-
I outflow from Lake Fout (9/Yr) 1.806+04 | 0.3
I Sedimentation Fsed (Q/YF) 1.31E+06 I Direct
I Mass Transfer I 63.1






















































LAKE ERIE I I
Lake Parameters | Chemical Parameters I






























































































































































Ice Cover Fraction Icefrac 0.9 | Surficial Sed. Conc. Csed (ug/g) 0.2 I
Faction of Year I Am Particle Dep Vel Vd (In/yr) 3.2801. I
without “in f(1) 0.9 I Atm Part Uashout Coef Ho 0.0 I
Fraction of Lake I AtIII/Water "855 I
Accun. Sediments f(sed) 0.7 I Transfer Coef. Kw (m/yr) 11.7 I
I Air/Hater Distribu- I
I tion Coefficient H/RT 8.4TE-03 I
I | % Atmospheric Chemical
Flux into Lake Erie I Flux out of Lake Erie I Contribution to Residence
Description Synbol Value I Description Synbol Value I Total Lake Input Time (yrs)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I I
Tributary Flux Ftrib (9/yr) 2.20904 I Outflow from Lake Fout (9/Yr) 6.30901. | 0.04
Connecting Channel I Sedimentation Fsed (g/Yr) 3.6OE+06 I Direct
from L. Huron Flh (g/yr) 1.90E+01o I Mass Transfer I 66.3
Uet Deposition Fa,u (g/yr) 2.16901. “I (Votatil'ization) Fv (glyr) 5.62904 |
Dry Deposition Fa,d (g/yr) 5.92904 | | Indirect
I I 12.5










. . . . . . . . . . . I ..........l ._........._.. ...........









Great Lakes Basin Mass Balance Model: B(a)P
LAKE ONTARIO
| |
Lake Parameters I Chemical Parameters |
Description Symbol Value I Description Symbol Value
----------------------------------------- I |
Tributary Inflow Qtrib (m‘3/yr) 3.0E+10 I Tributary Conc. Ctrib (ug/m‘3) 1.0 I
Connecting Channel I Conc. in Connecting I
Inflow from L.E. econ (mA3/yr) 2.1E+11 I Channel from L.E. Ccon (ug/m‘3) 0.3 |
Outflow from Lake Qout (m‘3/yr) 2.SE+11 I Atm Vapor Conc. Ca,v (ug/m‘3) 2.00E-05 I
I Surface Area SA (m‘2) 2.0E+10 I Atm Particle Conc. Ca,p (ug/m‘3) 8.00E-05 I
Lake Volume V (mA3) 1.6E+12 I Total Rain Conc. Cr (ug/m‘3) 1.0 I
Sedimentation Area As (m‘2) 7.5E+09 | Total Lake Conc. Ct (ug/m‘3) 0.3 I
Resusp. Velocity R (m) 0.0 I Dissolved Lake Conc. Cd (ug/m‘3) 0.2 I
Precipitation Rate P (m/Yr) 0.89 I Lake Particle Conc. Cp (ug/m‘3) 0.1 |
Sedimentation Rate used (g/mA2~yr) 400 I Surficial Sed. Conc. Csed (us/9) 0.3 |
Ice Cover Fraction Icefrac 0.9 I Atm Particle Dep Vel Vd (m/yr) 3.25+04 I
Fraction of Year I Atm Part washout Coef wo 0.0 I
without Rain f(1) 0.9 I Atm/Hater Mass I
Fraction of Lake | Transfer Coef. Kw (m/yr) 11.7
Accum. Sediments f(sed) 0.5 | Air/Hater Distribu- I
I tion Coefficient H/RT 8.47E-03 |
I I Z Atmospheric Chemical
Flux into Lake Ontario | Flux out of Lake Ontario I Contribution to Residence
Description Symbol Value I Description Syntnl Value I Total Lake Input Time (yrs)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I ._-............. ............. ._.-----.. I .-............ ...........
Tributary Flux Ftrib (g/yr) 3.00E+04 I Outflow from Lake Fout (g/yr) 7.50E+04 I 0.4
Connecting Channel I Seoimentation Fsed (g/Yr) 1.17E+06 I Direct
from L. Erie Fle (g/yr) 6.3OE+04 I Mass Transfer I 40.1
wet Deposition Fa,w (g/Yr) 1.74E+04 I (Volatilization) Fv (9/Yr) 4.26E+04 I
Dry Deposition Fa,d (g/yr) 4.49E+04 | I Indirect
I I 32.0
Other Loadings Unaccounted for Above (g/yr) I I
| | Total
Direct wastewater Discharge I I 72.1
Direct Industrial Discharge I I
| l
. . . . . . . . . . . I ..........I .............. ...........




    

































Description Symbol Value Description Symbol
-----------------------------------------
|
Tributary Inflow atrib (m‘3/yr) 5.4E+10 | Tributary Conc. Ctrib (ug/m‘3)
outflow from Lake Oout (m‘S/yr) 7.1E+10 I Conc. in Connecting













I Total Rain Conc.
Cr (ug/m‘3)
Precipitation Rate P (m/yr) 0.76 | Total Lake Cone. Ct (Us/W3)
Sedimentation Rate Used (g/m‘Z-yr) 200 | Dissolved Lake Conc. Cd (ug/m‘3)
Ice Cover Fraction lcefrac 0.90 | Lake Particle Conc. Cp (ug/m‘3)




| Atm Particle Dep Vel
Vd (m/yr)
Fraction of Lake | Atm Part Hashout Coef Ho
Accun. Sediments f(sed) 0.5 I Atm/Hater Mass
I Transfer Coef. Kw (m/yr)
| Air/Hater Distribu-
| tion Coefficient H/RT
|
Flux into Lake Superior
|








. . . . . . . . . . . . . . . . . . . . . . . . . . . .















Dry Deposition Fa,d (g/yr) 4.735+07 | Mass Transfer
I (Volatilization) Fv (9/Yr) 0.00E+00
Other Loadings Unaccounted for Above (g/Yr) |
|
Direct Hasteuater Discharge 3.8E+05 I
Direct Industrial Discharge 3.36+06 I
I
















































Great Lakes Basin Mass Balance Model: Pb
LAKE MICHIGAN
| I
Lake Parameters | Chemical parameters I
Description Symbol Value | Description Symbol Value I
----------------------------------------- | I
Tributary Inflow Qtrib (m‘3/yr) 2.9E+10 | Tributary Conc. Ctrib (ug/m‘3) 100.0 I
Outflow from Lake Gout (m‘S/yr) 4.9E+10 | Gone. in Connecting I
Surface Area SA (m‘Z) 5.8E+10 | Channel to L.H. Ccon (ug/m‘3) 300 I
Lake Volune
V (m‘3)
4.9E+12 | Atm Vapor Conc.
Ca,v (ug/m‘3)
0.0800 I
Sedimentation Area As (m‘Z) 2.9810 I Atm Particle Conc. Ca,p (ug/m‘3) 5.0E-02 I
Resusp. Velocity R (m) 0.0 I Total Rain Conc. Cr (ug/m‘3) 10000 I
Precipitation Rate P (m/yr) 0.79 I Total Lake Conc. Ct (ug/m‘3) 200 I
Sedimentation Rate Used (g/m‘Z-yr) 400 I Dissolved Lake Conc. Cd (ug/m‘3) 150 I
Ice Cover Fraction Icefrac 0.9 I Lake Particle Conc. Cp (ug/m‘3) 50 I
Fraction of yea.-




without Rain f(1) 0.9 I Atm Particle Dep Vel Vd (m/yr) 3.2901. I
Fraction of Lake I Am Part Uashout Coef No 0.0 |
Accun. Sediments f(sed) 0.5 I Atm/Uater Mass I
| Transfer Coef. KN (m/yr) 0.0 I
| Air/Hater Distribu- |
I tion Coefficient H/RT 1.0E+00 I
I X Atmospheric Chemical
l
Flux into Lake Michigan
I










I Total Lake Input
Time (yrs)

















| (Volatilization) Fv (9/yr‘) 0.00E+00 I










. . . . . . . . . . . I ..-.......| .............. ...........





ADDENDUM II. MASS BALANCE CALCULATIONS (CONTINUED)
Great Lakes Basin Mass Balance Model: Pb
 
Atm Part Uashout Coef Ho
Atm/Hater Mass
without Rain f(1) 0.9
Fraction of Lake
LAKE HURON I
Lake Parameters | Chemical Parameters
Description Symbol Value | Description Symbol
. . . . . . . . . - - - - - - - - - - - - - - - - - - - - - - - ~ - - - - - A - I
Tributary Inflow 5.10E+10 | Tributary Conc. Ctrib (ug/m‘3)
Connecting Channel | Gone. in Connecting
Inflow from L.s. Qcon (m‘3/yr) 7.1£+10 | channel from L.S. Cls (ug/m‘3)
" from L.M. Qcon (m‘3/yr) 4.9E+10 I " from L.M. Clm (ug/m‘3)
Outflow from Lake Gout (m‘3/yr) 1.8E+11 l “ to L.E. Cle (ug/m‘3)
Surface Area SA (m‘Z) 6.0E+10 I Atm Vapor Conc. Ca,v (ug/mA3)
Lake Volume V (m‘3) 3.5E+12 | Atm Particle Conc. Ca,p (ug/m‘3)
Sedimentation Area As (m‘Z) 3.0E+10 I Total Rain Conc. Cr (ug/m‘3)
Resusp. Velocity R (m) 0.0 | Total Lake Conc. Ct (ug/mA3)
Precipitation Rate P (m/yr) 0.76 I Dissolved Lake Conc. Cd (ug/m‘3)
Sedimentation Rate Used (g/m‘Z-yr) 220 | Lake Particle Conc. Cp (ug/m‘3)
Ice Cover Fraction Icefrac 0.9 | Surficial Sed. Conc. Csed (ug/g)










Flux into Lake Huron | Flux out of Lake Huron
I
Description Symbol Value Description Symbol Value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' ................ ............. ..........





from L. Sup. Fls (g/yr) 7.10E+06 »+.Mass~Transfer
from L. Mich. Flm (9/Vr)
9.80E+06 | (Volatilization) Fv (g/Yr)
0.0DE+00
Het Deposition Fa,w (g/Yr) 3.18E+08 I
Dry Deposition Fa,d (g/yr) 8.6OE+07 l
I
Other Loadings Unaccounted for Above (9/Yr) I
I
Direct wastewater Discharge 3.3E+06 |
Direct industrial Discharge 5.1E+06 |
I
. . . . . . . . . . . I .........











































 ADDENDUM II. MASS








































































































Precipitation Rate P (m/yr) 0.84
Sedimentation Rate Used (g/m‘Z-yr) 1000
Ice Cover Fraction Icefrac 0.9
Fraction of Year
without Rain f(1) 0.9
Fraction of Lake
Accum. Sediments f(sed) 0.7
I
Flux into Lake Erie I
Description Symbol Value |
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I
Tributary Flux Ftrib (g/yr) 2.20E+05
Connecting Channel
from L. Huron Flh (g/Yr) 3.42E+08
Het Deposition Fa,w (g/yr) 1.73E+08
Dry Deposition Fa,d (g/Yr) 5.18E+07






| Outflow from Lake Fout (g/yr) 2.10E+08
| Sedimentation Fsed (g/yr) 1.80E+09
| Mass Transfer
(Volatilization) Fv (g/yr) 0.00E+00
























Surficial Sed. Conc. Csed (us/9)
Atm Particle Dep Vel Vd (m/yr)
Atm Part washout Coef Ho
Atm/Uater Mass
CP (ug/mA3)
Transfer Coef. KH (m/yr)
Air/Hater Distribu-
tion Coefficient N/RT











































   
   




































ADDENDUM II, MASS BALANCE CALCULATIONS (CONTINUED)
Lake Parameters
Other Loadings Unaccounted for Above (9/Yr)
Direct Hasteuater Discharge
Direct Industrial Discharge




Symbol Value Description Symbol Value
------------------------ l l
Ctrib (m‘3/yr) 3.0E+10 | Tributary Conc. Ctrib (ug/m‘3) 11 |
| Conc. in Connecting |
Ocon (m‘3/yr) 2.1E+11 | Channel from L.E. Ccon (ug/m‘S) 1000 |
Oout (m‘3/yr) 2.5E+11 | Atm Vapor Conc. Ca,v (ug/m‘S) 0.0E+00 |
SA (m‘Z) 2.0E+10 | Atm Particle Conc. Ca,p (ug/m‘3) 7.5E-02 |
V (m‘3) 1.6E+12 | Total Rain Conc. Cr (ug/m‘3) 10000 |
As (m‘Z) 7.SE+09 | Total Lake Conc. Ct (ug/m‘S) 400 | i
R (m) 0.0 | Dissolved Lake Conc. Cd (ug/m‘3) 300 |
p (m/yr) 0.89 | Lake Particle Conc. Cp (ug/m‘3) 100 |
used (g/m‘Z-yr) 400 | Surficial Sed. Conc. Csed (us/g) 100 |
lcefrac 0.9 | Atm Particle Dep Vel Vd (m/yr) 3.2E+04 |
| Atm Part Hashout Coef No 0.0 |
f(1) 0.9 | Atm/Hater Mass 1
| Transfer Coef. KH (m/yr) 0.0 |
f(sed) 0.5 | Air/Hater Distribu- |
1 tion Coefficient H/RT 1.0E+00 |
| | X Atmospheric Chemical
Lake Ontario I Flux out of Lake Ontario | Contribution to Residence
Symbol Value | Description Symbol Value | Total Lake Input Time (yrs)
. . . . . . . . . . . . . . . . . . . . . . I ........-....... ..........-.. ..........| ........-....- ...........
Ftrib (9/Yr) 3.305+05 | Outflow from Lake Fout (g/Yr) 1.00E+08 | 1.3
| Sedimentation Fsed (9/Yr) 3.9OE+08 | Direct
Fle (g/yr) 2.10E+08 | Mass Transfer | 50.6
Fa,u (g/Yr) 1.74E+08 l H1Volatilization) Fv (g/Yr) 0.00E+00 |







. . . . . . . . . . . I ..........l .._....--..... ...........












Tributary Inflow Dtrib (m‘3/yr) 3.0E+10
Connecting Channel
Inflow from L.E. Qcon (mA3/yr) 2.1E+11



















































































































Accum. Sediments f(sed) 0.5
|
Flux into Lake Ontario |
Description Symbol Value |
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ’ r
Tributary Flux Ftrib (g/yr) 3.00E+03
Connecting Channel
from L. Erie Fle (glyr) 6.30E+04
Het Deposition Fa,u (g/yr) 8.68802
Dry Deposition Fa,d (g/yr) 2.ZSE+03










| Tributary Conc. Ctrib (ug/m‘3) 0.1 I
I Conc. in Connecting I
I Channel from L.E. Ccon (ug/m‘3) 0.3 |
| Atm Vapor Conc. Ca,v (ug/m‘3) 1.00E-06
I Atm Particle Conc. Ca,p (ug/m‘3) 4.005-06 |
| Total Rain Conc. Cr (ug/m‘S) 0.05
| Total Lake Conc. Ct (ug/m‘3) 0.05 |
| Dissolved Lake Conc. Cd (ug/m‘3) 0.025
I Lake Particle Conc. Cp (ug/m‘3) 0.025 I
I Surficial Sed. Conc. Csed (us/9) 0.05
I Atm Particle Dep Vel Vd (m/yr) 3.ZE+D4 |
I Atm Part washout Coef Ho 0.0 |
| Atm/Uater Mass |
| Transfer Coef. KH (m/yr) 110.0
I Air/Hater Distribu- I
| tion Coefficient H/RT t.oso |
Flux out of Lake Ontario
Description Symbol Value
.v....-..- . . . . . . . . . . . . . . . . . . _ . . . . . . . . . . . . . I
| Outflow from Lake Fout (g/yr) 1.25E+04 |
I Sedimentation Fsed (g/yr) 1.95E+05 I
I Mass Transfer |















I Total Lake Input Time (yrs)
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